United States Oftice of EPA/625/R-82/002
Environmental Protection Research and Development May 1982

Agency Washington, DC 20430

Technology Transier

Hancdoool
Vitrification Technologies
for Treatment of Hazardous

and Radioactive Waste




EPA/625/R-92/002
May 1892

Handbook

Vitrification Technologies for
Treatment of Hazardous and
Radioactive Waste

U.S. Environmental Protection Agency
Oftice of Research and Development
Center for Environmental Research Information
Cincinnati, OH 45268

zf(S Prnted on Recycled Paper



Disclaimer

This document has been reviewed in accordance with U.S. Environmental Protection
Agency policy and approved for publication. Mention of trade names or commercial
products does not constitute endorsement or recommendation for use.




TABLE OF CONTENTS

YT 1Y, 1= SO OO O O ST PP PSPPSRI P UPPRPI i
L T OF FlGURE S Lottt ettt e e aa e e s s bt e ettt e s e s v e ae e e enE e beasa s st e e e anaras b e e anmntbaa e e nnne s e s aotaeeeantesan v
A R ONY M S it e e e e et e e e e e ae e e aate Rt e et a e Rt £ et en e r et e e e vi
A KN OV L E D GEM EN T S ittt ettt et e e et et e e e e et e e e e e e ettt e e et s e et e e e e et et e e e e e viii
1 RO 10 o H T T OO OO USSP 1-1
0 B o U 1 o OO PPN Y TP PO UUREOOPPPI 1-1
1 2 OVBIVIBW .ottt e e et ee et tseraeee st et ettt taaare sttt e et n tee et et ete e eeteee et eeaatr e Taea e et reeent s aer et rerien 1-1
1.3 HaNABOOK OrQANIZATION ....eeveriee e eriin et retsree s st et s saet b e e sre bt st s e b sn s shebnsbnabs et eneaco s 1-2
2 GLLASS STRUCTURE AND ITS RELATIONSHIP TO VITRIFICATION ....0iiiis e ee e erreeae e ieeeieeeeeee e 2-1
o I €16 -3 0T 0] (= RSOOSR OO UOU ST U P O SS SO U OUUPPU RO RIUSUPUPPIR 2-1
2.2 StaDZING MECRAMISITIS ©o.vioeeiieeiiereeiretierie s cer et et sre s e eses e ar e b se et eta bt sesae et et ee b tseean et eateee e e ennie e 2-4
2.3 Chemical AHBCK MeECNAMISITIS ..ooii e ereiie s irsrcrrii s s rerererae s re e et st e etvarre et e eeae st aaebmtar e b da ras et s e s s ar e et e an e een 2-5
3  TYPES OF VITRIFICATION PROCESSES ... iirin ettt s o rereeer e 3-1
3.1 EIeCtiC Process HEatNG oo iriirere et s it n e sttt s reee e s s et 3-1
3.2 Thermal Process Heating ... oot et bt e 3-8
4 APPLICABLE WASTE TYPES AND CONTAMINANTS Lot e r e n 4-1
A1 ADDICED e W aASTE Ty DS it it ettt et e e e e oo e e n s 4-1
4.2 Applcable ComtamiNANTS ..o it e e ety s e et 4-3
5 PRODUCT CHARACTE R ST TS o ittt et e et e s eiee et e et ts e e esar s e e as s rmae e e ae et e an e e saseeaeent caarconsntssanrs 5-1
B9 Product DUTABIITY ...ttt s ae e e 5-1
5.2 Product Volume Reductions and Densities ...t 5-5
B.3  PrOAUCE USB .o ere e ee ettt et g k1 e ae e 4o e e et et e e e et ee e an e e aa e e e 5-5
B OFF-GAS TREATMENT L.t e sre e e sree s et e e e saescambes s s ees bane e esren e nn e s are e e e aenseanneas 6-1
B.1  Off-GaS COMPOMEIES otiirire it crtre i et e e e e s as s et b e 12 b e e e e s s b s s o se e s s abe s £ ab b e e sba e s inbe e s ran s e 6-1
6.2 ConSIUENTS OF COMCBIT ..o et e et s eesssnraes s e i ras b e ettraer e tasa rreeeenesrseesarsmte e s snneetenennees 6-1
6.3 Means of Off-Gas CONMIOL ..ot rrrreerie st seesesesr e et st asts e senas e sanabt s ne s e enes e s areenrensanes 6-2
7 CAPABILITIES AND LIMITATIONS ..o ser et erssarvestsranesmee s smae et e srn e sh ot e s e e e sensasaenbeeeren e 7-1
Tl CAPADIIES ©..veveeoseeoreriesisrr et er e et ee et et e e se st ese e e aem s b es s bt e e es bbb R s er e aben et r et 7-1
T2 LIl L0 oot tvineeersrreertieererrrrnet e eeerereane st n et asaesbntbmnnnnasestaebassmsensesanssssns snensansnasnrsannnsnsansnesesnannsnsasnsensnnsess F R0
8 PHYSICAL AND CHEMICAL TESTING ...t ieeetetc e re e st esesen e na s na e aasaie e aneentene e 8-1
I B o Yo T T £SO OSSO O P PU T OT TRV PP UPOTN 8-1
I o1 =Ty or | BT € OO R OO P PO PO U RRPRO PP PRI 8-3
9 PROCESS EVALUATION Lttt r st et e e s e semt s esarte s asareasraee e e e beemre e et et e e e e rete e ibeeseee e 8-1
9.1 Selection Of VilnifiCalion PrOCESSES ..ot it ree e e oo e e et e e g-1
9.2 Initial Testing and SCaling-Lim ..ot e 3-1
2 I B Yo T3 ST U O TP U U OO RO U OO U R TR O TP SO PRSPPI 9-5
AE R EREN S ..o ittt ettt e e eree e s et ee et e e se s r bt ae s i e £eea e e e e e e e n bt e om Rt eees e d e e e aeer e s eh b et e er e R -1
AP P EIN D K A ettt e e e e e —r e e e et s e e e r e e e et e e e s e et e e e s s R R e s bbb e b A-1




LIST OF TABLES

Page
2-1 Sample Compositions of Soda Lime Glass, Borosilicate Glass, and ISV Glass ... 2-3
2-2  INOrQAniC ColOraNtS fOr GUASS .o vviiiieiri et ettt bt ea s st ts eh b s b s a s st r e as e s na e s st e e L e b 2-4
2-3 Effects of Waste-Glass Components on Processing and Product Performance ... eviiiiinieneneeeeen 2-7
3.1 Classification of VitriiCation PrOCESSS bbb et b 3-1
4-1 Approximate Solubility of Elements in Silicate GIasSeS ... e e 4-4
4-2 Metals Retention Efficiency Test Results for 1SV . 4-5
4-3 1SV Organic Destruction and Removal Efficiencies ... 4-10
4-4 Demonstrated Organic Destruction Efficiencies tor Vitrification Systems ... 4-10
5-1 TCLP Leach Data for selected Processes and Selected Metals ... 5-2
5-2 Strength Comparisons of Waste Glasses Produced by ISV and a JHCM ... 5-3
6-1 Off-Gas Systems for Selected ProCesses ... st 8-4
6-2 Radionuclide Distribution in the Off-Gas System During an ISV Pilot-Scale Test.......cccvviniiininin 8-5
6-3 Hypothetical Distribution of '*Cs Activity in ISV Off-Gas System After Vitritying 10,000 Ci ..........ccc............6-5
7-1  Comparison of Soil Composition (wt%) from Selected Sites ... ST S5
9-1 Determination of Preferred Melter System for Beta-Gamma, Low Level M:xed lnorgamcs (Heavy
Metals), Asbestos, Organics, and Soils Waste ...

9-2 Criteria Raw Scores and Weighted Qverall Scores for the INEL Thermal Process Evaluation Study ... 9-3
9-3 Testing Units for Developing ISV TechNology .. .cco vt e s 9-4

9-4 Major Components 0f ISV GOSES ....occeive it et sttt e st e snnesses e oo DO
9-5 Time Requirements for EAch ISV SetiNG ...ccoeoii et enc e B T

g-6 ISV Electrode Setting and Vitrification SetingS ... ccooo oot 9.7
9-7 Manpower Reguirements for 1SV Process Preparalion ... ... ie et e scnrinsees e ees e nn s raer s 9-7
98-8 Labor Estimate for ISV Processing Operaticns at a Radioactive Site ... 9-7
9-9 Power Requirements for ISV Rate as a Function of Moisture Content ..., 9-8
9-10 Sample ISV Cost ESHMELES .....ccoouiiiiiiemiiii e e e re et eeenr s remras e s e as s an e aner s e sorn s s ns s esse e s 1 nnanneeaeeans 9-8
9-11 ISV EQUIDMBITE COSES 1o.uiiiiiiiee vt irtieieriteesttee s et asesssmes seeessevsne soesmneass e eeimeesbe e meseetd e s b v bt h 4 Eeb s s omte er e 9-9
9-12 1SV Site OPEratiNg COSIS ...viiiiiiieiie et rre e e e see e et e abme e se e sas bt sene et kb ae e ennas e re e e neeenn e 8-10
9-13 Equipment Regquired for JHOM ProCassing ...t e et e s e 9-11
9-14 Capital Cost SUMMAry FOr JHOM ..ottt s sb s s ae et 9-12
9-15 Comparison of Capital Costs and Operating Costs for a JHCM ..o 9-12

9-16 Throughput Rate for Selected Vitrification ProCesses ... 3212



2-1
2-2
3-1
3-2
3-3
3-4
3-5
3-6
3-7

3-8

3-10
3-11
4-1
3-1
7-1

7-3

LIST OF FIGURES

Page
Silicon-Oxygen TetrahEarON ... ..t eeeee e ae e s e e rar e mr e resee s eeeaeesea s marmme e e et e e ee s eenrrrrraen s 2-1
Example Silicate Glass Network SHUCIUIE ...ttt e st s s ss e et b aa s e rse st e e etse e eaansats 2-2
Ralationship Between Reslstivity and Temperature for Selected Glasses.....covvvvrvveviveneiiicrc e, 3-2
Typical JHCM Process FIOWShEBE ..ttt 3-3
Generalized JHCM Shewing Components of Melter and Molten Materials ... 3.5
SCNEBMAHC OF LSV L.ttt ittt ete e er it aeeese s ers e e aeeb e s aesae et etsease s sa e abenE e b s eaa e b e e bR e ea et eab e e s pee e s b e e ar e 3-5
Pilot-Scale Process ISV . . 3-8
Comparison of a Transferred Arc and a Non-Transferred Arc - .3-7
Schematic of the Demonstration PCR Showing the Bottom- Pour Confrguratron for Exrt Gas
and Molten Glass .. e .3-8
Schematic of a Full- Scale PCR 3-8
Microwave Melter .. O DU SO OU oSO OO O UURPTPUP PP PPUOUPPRUPPPPUPRRRC b
Fiow Diagram of the IR! Process ........................................................................................................... 3-12
Simpilified System Schematic of MSP'S PrOCESS ....c.ccvicmiciiniiie e e 3-13
Element Retention Versus Burial Depth During Pilot-Scale ISV Tests .. 4-6
Leach Resistance of Selected Materials ... s et e e et er et e 5-2
Schematic of a Pilot-Scale ISV Hood ASSEMDBLY ..o e e 7-5
Predicted Versus Achieved Large-Scale 1SV Mell ShEPE ... eei et e e sne s e eree s s 7-7

The Effect of a Molten Metal "Passive" Electrode on Electrical Current Distribution in an ISV Melt .............



ACRONYMS

AC Alternating Current

AEDC Arnold Engineering Development Center
ANS American Nuclear Society

ASTM American Society for Testing Materials
AVM Alelier de Vitrification Marcoule

BODAT Best Demonstrated Availabie Technology
CERCLA Comprehensive Environmental Reponse, Compensation, and Liability Law
CMS Cyclone Melting System

DC Direct Current

DE Destruction Efficiency

ONT Dinitrotoluene

DOD Department of Defense

DOE Department of Energy

DRE Destruction and Removal Efficiency
DWPF Detense Waste Processing Facility
EDTA Ethylenediaminetetraacetate

EMF Electromotive Force

EFS Electrode Feed System

EP Tox Extraction Procedure Toxicity

EPA Environmental Protection Agency

GRI Gas Research Institute

HEPA High-Efficiency Particulate Air

HLLW High-Level Liquid Wastes

HLW High-Level Waste

IAEC International Atomic Energy Commission
INEL Idaho National Engineering Laboratory
IRI Inorganic Recycling, inc.

ISV In Situ Vitrification

JHCM Joule Heated Ceramic Melter

LFCM Liquid Fed Ceramic Melter

LX Leachability Index

MCC Materials Characterization Center

MIIT Materials Interface Interactions Tests
MSP Marine Shale Processes

MSW Municipal Solid Waste

NBS National Bureau of Standards

NEPA National Environmental Policy Act

ORNL QOak Ridge National Laboratory

OSHA Occupational Safety and Health Administration
OSWER Office of Solid Waste and Emergency Response
PCB Polychlorinated Biphenyl

vi



PCR
PCT
PEC
PNC
PNL
RCRA
ROW
RWMC
SITE
SAL
SRS
TCLP
TNT
TRU
USATHMA
USEPA
UsT
VIS
vOC
WIPP
ZHE

ACRONYMS (continued)

Plasma Centrifuge Reactor

Product Consistency Test

Plasma Energy Corporation

Power Reactor and Nuclear Fuel Development Corporation
Pacific Northwest Laboratory

Resources Conservation and Recovery Act
Recomp of Washington

Radioactive Waste Management Complex
Superfund Innovative Technology Evaluation
Savannah River Laboratory

Savannah River Site

Toxicity Characteristic Leaching Procedure
Trinitrololuene

Transuranic

United States Army Toxic and Hazardous Materials Agency
United States Environmental Protection Agency
Underground Storage Tanks

Volume of leaching solution/Surface area of solids
Volatile Qrganic Compound

Waste Isolation Pilot Plant

Zero Headspace Extractor

vii



ACKNOWLEDGEMENTS

This document is a compilation of material applicable to the vitrification of hazardous wastes. The information was
compiled and organized by Timothy Voskuil of EQUITY ASSCCIATES, Inc., Knexville, Tennessee under the technical
direction of Ed Barth of the Center for Environmental Research Infermation, Cincinnati, Ohio. Many individuais
contributed to the preparation and review of this document; a partial listing of reviewers appears below.

Technical Reviewers:

Dennis F. Bickford, Savannah River Site, Aiken, South Carolina

Tony Eicher, Focus Environmental, Knoxville, Tennessee

Jeff Means, Battelle, Columbus, Ohio

JM. Perez, Pacific Northwest Laboratory, Richland, Washington

M.J. Plodinec, Savannah River Site, Aiken, South Carolina

J.W. Shade, Westinghouse Hanford Company, Richland, Washington

Brian Spalding, Oak Ridge National Laboratory, Oak Ridge, Tennessee
Laurel Staley, EPA Risk Reduction Engineering Laboratory, Cincinnati, Chio
L.E. Thompson, Pacific Narthwest Laboratory, Richland, Washington

Peer Reviewers:

Bill Bonner, Pacific Northwest Labcoratory, Richland, Washington
Jim Cudahy, Focus Environmental, Knoxville, Tennessee
George Wicks, Savannah River Site, Aiken, South Carolina

viii




CHAPTER ONE
INTRODUCTION

1.1 Purpose

Vitrification, the process of converting materials into a
glass or glass-like substance, is increasingly being con-
sidered for treating various wastes. Vitrification is con-
ceptually attractive hecausa of the potential durability of
the product and the flexibility of the process in treating a
wide variety of waste streams and contaminants. These
characteristics make vitrification the focal point of treat-
menl systems for high-level radioactive waste (MHLW)
around the world.

This handbook presents the theory behind the vitrification
process and overviews the applications and limitations of
vitrification for waste treatment. Accordingly, it ciassifies
the types of vitrification processes which have been
applied to waste treatment, explains why vitrification may
be considered as a treatment process, identifies waste
streams and contaminants to which vitrification may be
applied, and discusses other issues important 1o the
application of vitrification to waste treatment.

In overviewing vitrification in this way, this handbook
relies primarily on publicly available information and re-
ports. Rather than attempting to evaluate the quality of
such information, this document simply presents the
conclusions as stated in the reports. Wherever possible,
it aveids unpublished vendor information and personal
cemmunications; however, it includes sorne vendor infor-
mation in order to provide information and direction not
publicly available. Even so, it does not use vendor
information as the sole source to make new, unique, or
unsupported claims about vitrification processes.

Vitrification may proceed in situ (in situ vitrification or ISV)
or ex situ. ISV and ex situ vitrification have opposing
strengths and weaknesses. An advantage of ISV is that
it proceeds in situ without requiring that the material be
removed prior to treatment. With very hazardous con-
taminants, such as radionuclides or dispersible velatile
compounds, this may be a significant advantage. Fur-
thermore, the preduct remains buried under ground and
on-site, thus limiting liability by keeping the waste product

on-site. Ex situ vitrification, on the other hand, does
require excavation, or at least increased materials han-
dling prior to vitrification, but is not limited to waste in the
immediate area of electrode placement,

The advantages of ex situ over in situ lie grimarity in the
increasad amount of control that can be exerted during
precessing. Thiscontrol extends to feed composition and
melt conditions and this in turn allows for greater control
of product characteristics. For processes aimed at a
specific waste stream, control is increased because of
the relative homogeneity of the waste stream. Secondly,
ex situ vitrification allows greatercontrol overthe combus-
tion of non-pyrolyzed organics escaping from the melt.
For these processes, the environments in the molten
glass melt and in the secondary combusticn area can
be more easily regulated to facilitate efficient crganic
destruction. However, ISV does operate at higher tem-
peratures {typically 1600-2000°C) than ex situ processes
(typically 1000-16C0°C) and thus may sometimes avoid
the need for fluxants.

1.2 Overview

Glass is a rigid, noncrystalline material of relatively low
porosity. It is often composed of constituents such as
oxides of silicon, boron, aluminum, and alkalfand alkaline
earth elements. While phosphate, sulfide, and oxynitride
glasses are also important glass types, most glasses
used in waste immobilization are borosilicate, sodium
silicate, or aluminosilicate glasses and this handbook
limits its review to these glasses.

Vitrification is the process of converting materials into a
glass or glassy substance, typically through a thermal
process. Although heat is not necessarily required for
vitrification (for example, vapor deposition, solution hy-
drolysis, and gel formation can also form glassy materi-
als), this document considers only vitrification processes
which use heat.

When accomplished through a thermal process, vitrifica-
tion may destroy organic contaminants via pyrolysis or



combustion. As a stabilization process, vitrification may
immobilize inorganics by incorporating them into the
glass structure or by encapsulating them in the product
glass. Glass's ability to incorporate metals has a long
history: seleniumis foundinclear glass bottles: chromium
gives green glass its color; and lead oxide, atlevaisup to
30%, is found in lead crystat glass (McLellan and Shand,
1984).

Many contaminated materials contain adequate quanti-
ties of the raw ingredients needed for forming glass.
When such materials are heated, the ingredients melt
together and actuaily form the glass inwhich the contami-
nants are immobilized. Because not all contaminated
materials do contain proper ratios of the materials for the
formation of a glass, additives may be required for some
materials 1o address these deficiencies. Additives may
also be needed to create the spectal characteristics of
some glasses.

Vitrification has four major advantages over other meth-
ods of waste management. The primary advantage isthe
durable waste glass it produces. In most instances, this
waste glass performs excepticnally well in leach tests.
Because of its chemical and physical durability, the
vitrification product has been considered for recycling as
aggregate and other products. The second major ad-
vantage of vitrification is the fiexibility of the waste glass
in incorporating a wide variety of contaminants and
accompanying feed material in its structure without a
significantdecreaseinquality. The third advantageisthat
vitritication processes can accommodate both organic and
ingrganic contaminants of various amounts. Lastly, vitri-
fication may reduce the volume of waste material.

Vitrification’s major limitation is that it is energy intensive
and, thus, may be more expensive compared to other
remedial technologies. A second major limitation is the
potential for some contaminants, hoth organic and inor-
ganic, to volatilize. This limitation applies to both ex situ
processes and ISV, For ISV, there is some concern that
certain contaminants may migrate into the surrounding
soil. These limitations may be amenable to moditication
of process parameters given site characteristics and
management goals.

Given these advantages and limitations, vitrification's
niches may include waste wilh great potential hazard,
waste which is highly concentrated, waste with a complex
mix of contaminants, specialized industrialwaste streams,
and wastes where a high quality product is required. For
example, vitrification is the treatment of choice for high-
level wastle (HLW) and is well worth the associated cosls
intreating thiswaste. Infact, EPA hasdeclared vitrification
to be a Best Demonstrated Available Technology (BDAT)

for HLW {40 CFR 268.42, Table 3). Site conditions that
may make any vitrification process attractive are low unit
costs for electricity. 1SV may be attractive at sites whare
concerns about company liability from off-site dis
drive treatment chjectives.

1.3 Handbock Organization

Chapter One, “introduction,” {the present chapter) identi-
fies the purpose of this handbook, defines vitrification as
it is used in this handbook, overviews vitrification applica-
tions, and summarizes handbook organization.

Chapter Two, “Glass Structure and lts Relationship to
Vitrification,” describas the structure of glass and relates
this structure to the vitrified product. Because of its
amorphous, non-crystalling structure, glass can immebi-
lize a wide variety of inorganic contaminants, either by
chemical incorporation into the actual glass matrix or
physical encapsulation. Leaching of immobitized
inorganics occurs via matrix dissolution and
interdiffusion.

Chapter Three, “Types of Vitrification Processes,” classi-
fies vitrification into two major categories: electric process
heating and thermal process heating. Electric process
heating is the more impontant vitrification category and
includes joule heating processes, both ex situ and in situ,
plasma heating processes, microwave heatingprocer

as well as several miscellanecus heating proce
Thermal process heating is dominated by processes
using rotary kiln incinerators, but other thermal processes
may alsc be appiicable to waste vitrification.

Chapter Four, “Applicable Waste Types and Contami-
nants,” discusses waste streams and contaminants to
which vitrification may be applicable. Waste streams
discussed include radioactive wastes and sludges, con-
taminated soils, contaminated sediments, incinerator
ashes, industrial wastes and siudges, medical wastes,
underground storage lanks (USTs), drummed wastes,
shipboard wastes, and asbestos wastes. Contaminants
discussadinclude inorganics (metalg, radiocactive wastes,
asbestos, and others) and organics. This chapter is
meant to give the reader an understanding of vitrification’s
potential; itis not necessarily comprehensive or limiting in
its scope.

Chapter Five, “Product Characteristics,” addresses vari-
ous components of product quality, volume reductions
achieved with vitritication, and potential uses of the prod-
uct glass. Generally, the vitrified waste is a high quality
proguct. Waste glasses have performed wellin a variety
of leach tests, thus indicating high chemical durability.
They have aiso shown high physicai integrity and ge



ally perform well ever when devitrified, or re-crystallized.
Furthermore, estimates indicate that waste glasses may
exhibit these properties over geologic time spans.

Chapter Six, “Off-Gas Treatment, " discusses off-gas con-
cerns by describing typical off-gas compenents, oif-gas
constituents of concern, and petential means of cff-gas
control. Otf-gas controt may be approached in two ways:
reducing emissions and treating evolved off-gases. Re-
ducing emissions is accomplished through contrel of
various process parameters. Methodsfortreating evolved
off-gases are similar to those for other waste treatment
processes.

Chaptar Seven, “Capabilities and Limitations," summa-
rizes the capabilities and limitations of vitrification.

Chapter Eight, “Physical and Chemical Testing,” describes
the physical and chemical tests used to determine the
properties oftargetedwaste streams and of waste glasses.
Described tests include, but are not limited to, the leach
tests so important in determining waste form gquaiity.

Chapter Nine, “Process Evaluation,” addresses various
issues which may be important in selecting a vitrification
technology. Presented in this chapter are examples of
technology screening studies, initial testing and scaling-
up concerns, and a discussion of cost components. The
discussion of cost components emphasizes cost catego-
ries and their relative importance to total clean-up costs.



CHAPTER TWO
GLASS STRUCTURE AND ITS RELATIONSHIP TO VITRIFICATION

Vitrification is attractive as a waste treatment process
primarily because of the properties of glass. These
properties give vitrification its high-quality preduct and
flexibility in inorganic incorperation. Because an under-
standing of the properties of glass is fundamental to
understanding the advantages of vitrification as a waste
treatment process, this chapter offers a brief overview of
glass structure and discusses how this structure refatesto
the durability of vitrified glass containing hazardous waste.
This chapter is summarized mainly from McLellan and
Shand (1984). Sections 2.3.3 and 2.3.4 are summarized
fromWicks (1985, 1886). Becausethischapterdealswith
the incorporation of inorganic contaminants into the glass
structure, organic contaminants will not be addressed
here.

2.1 Glass Structure

Glass is a rigid, noncrystalline malerial of relatively low
porosity, often composed primarily of silica, alumina, and
oxides of alkali and akaline earth elements. While
phosphate, sulfide, and oxynitride glasses are also im-
portant glass types, most glasses used in waste immo-
bilization are silicate glasses. Therefore, this handbook
limits its review to silicate glasses.

Thermally-formed glasses are produced by fusing or
melting crystalline materiais and/or amorphous materials
(e.g., previously formed glasses) at elevated tempera-
tures to produce liquids. These liquids are subsequently
cooled to a rigid condition without crystallization. Most
thermally-formed waste glasses, however, also have a
crystalline phase. For example, while the ISV product is
substantially glassy, it is actuaily a mixture of glass and
microcrystalline phases. Glass composition is largely
inorganic, with silica (SiO5) being the most common con-
stituent. From an engineering standpoint, what distin-
guishes glass from crystalline substances is the lack of a
definite melting point temperature. Whenglassis heated,
itwill gradually deform and, at high enough temperatures,
form a viscous liquid.

Silicate glasses are not composed of discrete molecules,
but are three-dimensional networks. The basic structural
unit of the silicate network is the silicon-oxygan tetrahe-
dron in which a silicon atom is beonded to four oxygan
atoms {Figure 2-1). The silicatetrahedra are linked atthe
cornerg, where each shares one oxygen atom with an-
other tetrahedron {Figure 2-2). Some, or all four, of the
oxygen atoms from the tetrahedron can be shared with
other tetrahedra to form a three-dimensional netwerk.
What prevents these tefrahedra fromforming a crystalline
network is that the extended 3-dimensional network is
irregular and the Si-O-Si bonds random (Mcleltan and
Shand, 1984).

The shared oxygen atoms are called bridging oxygens. In
pure silica glass, the ratio of siliconto oxygenisideally 1:2
and all oxygen atoms are bridging. Some atoms, such as
sodium, are ionically bonded 1o oxygen when presentin

Figure 2-1. Silicon-Oxygen Tetrahedron (McLellan
and Shand, 1984)



Figure 2-2. Example Silicate Glass Network
Structure (MclLellan and Shand, 1984)

glass and thus interrupt tetrahedra linking and the conti-
nuity of the network. Anoxygen atomionically bondedto
another atom is called nonbridging.

Appreciable amounts of most inorganic oxides can be
incorporated into silicate glasses. Elements that can
replace silicon are called network formers. By replacing
siliconinthe glass network, some inorganic species (such
as some metals found in the middle portion of the pericdic
table) can be incorporated into a glass. Most monovalent
and divalent cations (such as sodium, calcium, and some
other metals and metalleids grouped near either side of
the periodic table) do not enter the natwork, but formionic
bonds with nonbridging oxygen atoms, and are termed
network modifiers. The effect of variation in the network
integrity and the constituents of the glass are manifested
in changes in glass properties such as softening point
temperature and chemicaldurability (i.e., leachability and
solubility) (McLellan and Shand, 1984).

Therole of elementsinthe glass may vary with conditions.
For example, aluminum may be a network former or a
modifier depending on the ratio of aluminum to alkali and
alkaline earth ions and is thus called an intermediate.
The role of iron depends on redox state or oxygen
availabiiity in the molten material. For example, Fe (lll)is
a network former {McLellan and Shand, 1984).

Because of the network structure of glasses, it does not
help to express their compesition as chemical formulae.
The mast commeon way of describing glass is to list
relative amounts of oxides derived from the raw materials
usedin a glass formulation, even though these oxides do

not exist, per se, in the glass network.

Many types of glass can be formed depending on the raw
materials used. The glass industry prepares sp
formulations to obtain glasses with properties desi

for various uses. Imporntant considerations for the treat-
ment of hazardous wastes include processing character-
istics, such as melt viscosity and redox conditions, and
product characteristics, such as durability.

Vitreous silica, the simplest glass, can be prepared by
heating silica (SiO2) above its melting point and quickly
cooling to the solid state. In order to decrease the
viscosity of molten glass from that of pure silica and allow
it to melt at a lower temperature, it is necessary o add a
flux, or network modifier, that will soften the glass by
generating nonbridging oxygen atoms. Alkaii metals,
such as sodium, make excellent fluxes in their oxide
forms.

Alkalis can be incorporated into the glass as carbonates
or other saits that react, at elevated temperatures, with
silica to form a siliceous liquid. The reaction of fluxes is
complex, but aside from lowering the viscosity of the
glass, they also have the effect of lowering the maelting
point of the raw material mix. This helps decrease the
energy requirements of the melting process.

Unfortunately, adding alkali to the glass generaily r~-
creases its chemical resistance fromthat of silica g

At high alkali concentrations, the glass will even bace.
water soluble (the basis forthe soluble silicate industry).
To decrease the agueous solubility of alkali glasses, but
to maintain the lower melting points, alkaline earth fluxes
may also be used. Oxides of calcium and magnesium are
the most common atkaline earth or stabilizing fluxes.
However, adding too much calcium can cause calcium
silicates and aluminates to form and these may crystallize
{devitrify} on cooling.

Sodaash {sodiumcarbonate)is commonly usedinindustry
to supply alkali fluxes, while lime {calcium oxide) is
commonly added to supply alkaling earth fluxes. Thus,
glass made from silica and alkali and alkaline earth fluxes
is commonly called soda-lime glass. Soda-lime glass is
the most common type of glass, and is used in most
container glass and window glass applications. The
typical composition of soda-lime glass is compared with
the composition of two waste glasses in Table 2-1.

Typical raw materials for industrial glass making consist
of various formulations of the following main ingredients:

. Sand - 5i02
. Feldspar - KAISinOg



Table 2-1. Sample Compositions of Soda-Lime Glass, Borosillcate Glass, and 1SV Glass

Typical SRS Borosilicate Sample I
Oxide Soda-Lime Glass’ Benchmark Glass? ISV Glass? H
{wt %) {wt %) (wt %) |
|
Sio, 65-75 48.95 71.20 |
ALO, 1-2 3.67 13.50
Na,0 12-16 16.71 1.55
K,0 0.1-3 0.04 2.47
MgO 0.1-5 1.66 1.87
Ca0o 6-12 1.13 3.58
8,0, - 11.12 - ;
Fe,O, 8.08 4.83 |
FeO 0.89 . !
La,0, - 0.41 - |
Li,O - 4.28 -
MnO - 1.34 0.11
NiO - 0.61 0.12
TiO, - 0.71 0.76
ZrQ, - 0.41 0.07
SrQ - - 0.02
BaO - - 0.10
'From Mclellan and Shand, 1984,
*From Goldston and Pladinec, 1991,
3This glass was produced by ISV of INEL seils. From Farnswerth, Oma, and Reimus, 1990,

. Dolomite - CaMg(CO3)2
. Limestone - CaCO3
. Soda ash - Na2CQO3

These are mixed with a variety of other constituents to
produce glasses with whatever physical and chemical
properties manufacturers may desire, such as heat resis-
tance, chemical inertness, various optical properties,
various colors, etc. The selection of materials from which
to make a waste glass, on the other hand, generally
involves compromises basedonthe productand process-
ing characteristics desired.

While soda-lime glass may serve as a waste glass, many
waste glasses are borosilicate glasses and contain B2O3.
Waste glasses also generally contain less silica and more
aluminum and iron than soda-lime gfasses. Most soils
and the 1SV glass derived from their melting also have
more aluminum and iron and less silica and sodium than
typical soda-lime glass. The “aluminum-bearing glasses”

are generally more typical of glass compositions pro-
duced in waste vitrification.

itis interasting to note that many metals of environmentat
concern are readily incorporated into a glass matrix and
are commonly used as colorants in glassmaking. This
suggests that vitrification processes may be particularly
attractive for immobilizing metals found in centain waste
streams. Table 2-2 presents a list of metal compounds
commonly used as giass colorants.

2.2 Stabilizing Mechanisms
Hazardous constituents canbe immobilized invitrification
processes by two main interactions with the glass matrix:

. Chemical bonding
. Encapsutation

Certain inorganic species can be immobilized by chemi-
cal bonding with the glass-forming materials, particularly



silica, present in the wastes to be vitrified. The most
notable chemical bonding within a vitrified material oc-
curs when certain metals or other inerganics bond cova-
lently with the oxygen atoms in a silica network and thus
become part of the network. [norganics that interact in
this way are network formers since they essentiaily re-
place silicon in the glass network structure.

Other inorganic species can bond ionically with oxygen or
other elements in the glass network. This ionic bonding
incorporates the material into the glass but disrupts the
network's continuity, thereby medifying the vitrified
material’s physical and chemical properties. As men-
tioned earlier, materials that interact in this fashion are
called network modifiers.

Hazardous constituents may also be immobilized without
direct chemical interaction with the glass network. Since
vitrification constitutes a molten phase during some portion
of the process, materials that do not interact chemically or
have not completely entered solution can be surrounded
by a layer of vitrified material and encapsulated, as the
melt cools. This layer of vitrified material protects the
encapsulated constituents from chemical attack and in-
hibits their ability to escape from the vitrified product
{McLellan and Shand, 1984).

2.3 Chemical Attack Mechanisms

Vitreous materials are often thought of as being “inert,"
which is somewhat justified since these materials exhibit

high corrosion resistance compared with many other
materials. Itis important to note, however, that ail vitrified
products are chemically reactive to some degree. Tris
section discusses the nature of chemical attack on

ous silicate materials and the factors that affect the . .
and degree of attack.

There are two major forms of chemical attack on vitrified
materials:

. Matrix dissolution
’ Interdiffusion

2.3.1 Matrix Dissolution

Matrix dissolution is characterized by alkali attack. It
begins by hydration of the silica network and may proceed
to dissolution of the vitreous materiai. Inpure silicaglass,
the matrix dissolution process can be described by the
following equation:

2 NaOH + Si0Op —p NapSiOg + Ho0

The alkali silicate (NapSiOg in the example shown) is
water soluble, so as the silica network is attacked and
dissolved congruently, the other constituents in the vitri-
fied material are released. The rate of alkali attack is
generally linear with time; however, the rate can change
if soluble materials accumulate in solution, or it insol'~
reaction products adhere to the material’s surface, blo

the reaction.

Table 2-2. Inorganic Colorants for Glass (Tooley, 1984)

Color Produced
Material Under Oxidation Under Reduction
Cadmium Sulfide None Yellow
Cadmium Sulfide, Selenium Naone Ruby
Cobait Oxide Blue-violet Blue-violet
Caopper Oxide Greenish blue Greenish blue
Cuprous Oxide Gresnish blue Ruby
Cerium Oxide Titania Yellow Yallow
Chromic Oxide Yellowish grean Emerald grean
Gold Ruby
Iron Oxide Yellowish green Bluish green
Manganese dioxide Amethyst to purple Nane
Neodymium oxide Violet Violet
Nickel axide Violet in K20 glass Viclet in K2Q glass
Nickel oxide Brown in Na20 glass Brown in Nap0 glass
Selenium Fugitive Pink
Sulfur None Yellow to amber
Uranium Yellow with green fluorescence Green with fluorescence




Alkali attack is highly pH dependent. The rate of attack
generally increases by a factor of 2 to 3 for each pH unit
increase. The influence of temperature on the rate of
alkali attack follows an Arrhanius relationship with the rate
of attack increasing by a factor of 2o 2.5 foreach 10° C
temperature rise.

2.3.2 Interdiffusion

Interdiffusion is typified by acid attack on vitrified materi-
als. While alkali attack (matrix dissoiution) leads to
surface dissolution of the vitreous material, interdiffusion
is an ion exchange process which preferentially extracts
elements present as network modifiers, leaving the silica
structure almostintact. Generally, interdiffusion involves
the exchange of hydronium ions in solution for ionically
bonded elements in the vitreous network (McLellan and
Shand, 1924),

Interdiffusion has sometimes been called leaching, but
interdiffusion is the more precise term. “Leaching” is
commonly used to denote loss of constituents frem a
material without specifying a mechanism. As used here,
interdiffusion is a mechanism; thus, to call it “leaching” is
confusing.

The reaction rate in interditfusion is influenced by tem-
perature in a relationship similar o that for alkaii attack;
however, theinterdiffusion reaction rate increases only by
a factor of 1.5 to 2 for each 10°C temperature rise.

Depending on the composition of the vitrified material,
especiallyits silica content, the pH of the leaching solution
influences the rate of acid attack. Generaily, that influ-
ance is not as strong as the influence on the rate of alkali
attack.

The rate of acid attack on glass is generally proportional
to the square root of time. Since the process is controlied
predominantly by diffusion, the rate of leaching decreases
as the thickness of the teached layer near the glass
surface increases. However, this effect can be limited if
the layer dissolves or sloughs off.

The leachability of trace constituents is difficult to predict,
but it is reasonable to assume that in addition to the alkali
and alkaline earth elements {sodium, potassium, cal-
cium) there may be preferential extraction of other network
modifiers of potential environmental concern, such as:
barium (Ba), beryllium{Be), cobalt (Co), copper (Cu), lead
(Pb), magnesium (Mg), manganese (Mn), nickel (Ni),
silver (Ag), strontium (3r), and zinc {Zn).

Water attacks vitrified materials to some degree, although
the attack is much less aggressive than that of alkali and

is generally less vigorous than acid attack. Water can
exhibit both acid and alkali attack mechanisms sinceitcan
produce both hydronium and hydroxyl ions. However, in
a static environment water attack quickly becomes alkali
attack asthe alkalipresentinthe glassis extractedintothe
water and then takes part in the reaction.

Attack by salt solutions is thought to correspond to the
attack by water, but the mechanism has not been thor-
oughly defined. However, typical attack rates at room
temperature are stilt very low. Many chelating compounds
attack glasses at a rate comparableto that of strong alkali.
Citrate, gluconate, oxalate, tartrate, EDTA, and malate all
attack glass in alkaline selution. Alkaline phosphate and
acetate also attack glass readily. Hydroflucric acid has a
unique ability to dissolve silicate glasses, forming a solu-
tion of alkali fluorides and silicon fluorides.

2.3.3 Three -Stage Model of Waste Glass
Corrosion

While dissolution and interdiffusion describe leaching
under many conditions, the leaching of many waste
glasses appears to be modified by the formation of
surface gel layers (Wicks, 1985). Layer formation is
favored in static or near-static conditions and where silica
is present, as in many groundwaters. As matrix dissolu-
tion occurs, the surface layers, composed of insoluble
glass components, arise. The formation of these layers
proceeds in a three-stage process.

Stage one is dominated by interdiffusion as network
modifiers, such as sodium, diffuse out of the glass and
into solution, and water diffuses in. The result is a
modifier- deficient surface layer. Duringthis stage the pH
ofthe leachantincreases {(becomes more basic), because
alkali hydroxides form in solution.

Stage two is dominated by matrix dissolution. As de-
scribed earlier, matrix dissolution is an alkaline aftack;
thus, ils rate is primarily governed by the pH of the
leachate, glass composition, and temperature.

Stage three is characterized by the formation of surface
layers. These surface layers are formed from the precipi-
tation and adsorption of insoluble compounds onto {he
surface of the glass. These compounds are the more
insoluble waste glass constituents that are “left behind” as
more soluble constituents dissolve and move into solutions.
For example, these surface layers may contain substantial
iron and manganese hydroxides. Where a surface layer
forms, itcanexert a strong limiting effectonieachingofthe
waste glass underneath. Under static or near-static
conditions, leaching may be reduced further as silica
concentrations build up in the leachate and approach



saturation, thus reducing evenmore the tendency of silica
in the glass to move into solution.

2.3.4 Factors Impacting Waste Glass Leaching

The use of vitrification to treat HLW has produced a
wealth of knowledge about waste glasses and their
prociuction, particularly in terms of chemical compesition,
waste loading, temperature, time and pH.

Chemical Composition. Chemical composition plays an
important role in product durabiiity {Wicks, 1985}. In

general, as the ratio of oxygen to network formers (such
as silicon) decreases, more bridging oxygens are pro-
duced. resulting in a more durable product. Network
medifiers such as alkalis and alkali earth oxides tend to
decrease glass durability. This occurs because these
oxides increase the oxygen-to-network former ratio and
produce more singly-bonded oxygen, thus breaking up
the glass network. However, these elements do lower
melt viscosity and lower processing temperatures and
therefore have potential as fluxing agents. In general,
oxides with valences greater than 1 may increase glass
durability.

Composition of the incoming feed can have enormous
effects on product durability and processing parameters.
Table 2-3 displays some of the effects of variousinorganic
oxides onprocessing and glass durability. Modification of
the waste stream through additives and/or material re-
moval ¢an have dramatic impacts on processing and
product characteristics. However, as Table 2-3 shows,
mest additives have both desired and undesired effects.
Theretore, modification of the feed will often involve
compromises based on treatment goals, processing
limitations, and waste character,

Waste Loading. Increased waste loading does not nec-
essarily increase product leachability (Wicks, 1985;
Mendel, 1873). Research on borosilicate glass for the
immobilization of nuclear waste has indicated that glass
leachability is reduced as the waste loading increases
from QO wt% to 35 wit%, with only small changes in
leachability as the waste loading increases from 35 wi%
to 50 wt% (Rankin and Wicks, 1983). Thus, the amount
of waste immobilized by borosilicate glass may not be
limited by product durability, but by processing consid-
erations. The reasontorthe beneficial effects ofincreased
waste loading on durability is due to the formation of
surface layers that form during leaching and that are
made up of the major constituents found in the waste
composition.

Temperature. Leachability of waste glass increases with
temperature (Wicks, 1985). The mechanismof corrosion

varies with temperature: at temperatures near ambient
conditions, diffusion effects can deminate glass corro-
sion, but at temperaturas near 100°C or higher, netwe-'"
dissolution can dominate. The exact temperature for
shiff in mechanism varies with test conditions and gla...
composition.

Time. At a given temperature, the largest leach rates
occur during the early stages of leaching (Wicks, 1885).
Therefore, leach rates usually decrease over time. Two
mechanisms appear to be involved in this leach rate
decrease. First, under static or near siatic conditions,
such as groundwater in proposed repositories, the solu-
tion becomes saturated as elements are extracted from
the glass and enter solution. Increased saturation
reduces the solution’s solubility and its ability to corrode
the glass. Secondly, with time, a layer forms on the
glass’'s surface, thereby further inhibiting ieaching
(Jantzen, 1988).

pH. In solutions of abouipH 3to 9, glass leaching may be
substantially or minimally affected by solution pH, de-
pending on the chemical composition of the glass (Wicks,
1985). At pH values above 9 (basic conditions), two
mechanisms functionto increase leaching: silica soiubility
increases and matrix dissolution dominates. The effect of
acidic conditions on glasses varies more thanthe effect of
basic conditions. Most silicate glasses are dominated by
interdiffusion at low pH values. Forthese glasses, ler
rates are proportionai to the square root of time and
effect of low pH values is small. However, borosilicate
glasses are dominated by matrix dissoluticn at low pH
values. Their leach rate increases linearly with time and
the effect of acid attack {below pH 5) may be quite
dramatic. Thus, the expected pH of the disposal site or
use location may be important in determining the desired
composition of the waste glass.



Table 2-3. Effects of Waste-Glass Components on Processing and
Product Performance (adapted from PlodInec, Wicks, and Bibler,1382).

Frit Componeanis Processing Product Performance
|
Si02 increases viscosity greaily; reduces waste solubility increases durability |
BoOs Reduces viscosity; increases waste solubility increases durability in low amounts,
reduces in large amounts
Na20 Reduces viscosity and resistivity; Reduces durability
increases waste solubility
Lio0Q Same as Naz0O, but greater effect; Reduces durability, but less than
increases tendency to devitrify NasQ
KoO Same as NazQ; decreases tendency Reduces durability more than NapO
to devitrify
Ca0o Increases then reduces viscosity Increases then reduces durability
and waste solubility
MgO is same as Ca0; reduces tendency to vitrity Is same as CaQ, but more likely
to decrease durability
Ti02 Reduces viscosity slightly; increases durability
increases then reduces waste solubility;
increases tendency to devitrify
ZrQ2, La2Q3  Reduces waste solubility Increases durability greatty
Waste Components Processing Product Performance
Al203 Increases viscosity and has tendency to devitrify Increases durability
Feo03 Reduces viscosity; is hard to dissolve Increases durability
UaOg Reduces tendency o devitrify Reduces durability
NiQ Is hard to dissolve; increases tendency Reduces durability
to devitrify
MnO Is hard to dissolve Increases durability
Zeolite Is slow to dissolve; produces foam Increases durability
Sulfate Is an antifoam, melting aid; increases Too rnuch causes foam or

corrosion of processing equipment

formation of soluble second phase




CHAPTER THREE

TYPES OF VITRIFICATION PROCESSES

This report divides vitrification technologies into two cat-
egories: electric process heating and thermal process
heating using fossil fuels. Electric processing can be
subdivided into 3 primary groups: (1) joule heating, (2)
plasma heating, and (3) microwave heating. Both joule
heating and piasma heating are basedcnweil-developed
electric-furnace technologies for metal melting, metai
smelting, and glass melting. Joule heating includes ex
situ furnaces and ISV. In addition, several alternative
electric heating processes of varying applicability to vit-
rification are described under Section 3.1.4, "Miscella-
neous Electric Heating." All of these categories are de-
scribed in greater detail in Maurice Orfeuil's Electric
Process Heating. Much of the information in this chapter
is summarized from Orfeuil's book (see also Pincus and
Diken, 1978, Trier, 1978). The discussion of vitrification
technologies in this chapter follows the outline presented
in Table 3-1. Identified studies of the applicability of
these processes to various wastes are presented in
Appendix A.

Duringresearchforthis document, several high-tempera-
ture, non-vitrification methods were discovered that im-
mobilized waste in a crystalline rather than glass form.
These included Ceramic Bonding, Inc. {(Melzer, 1930)

Table 3 -1. Classification of Vitrificatlon Processes

Examoles

1. Electric Process Heating
A. Joule Heating

(1) ex situ Ceramic Meiter

(2) in situ In Situ Vitrication
8. Plasma Heating Plasma Furnace
C. Microwava Heating Microwave Melter

D. Misceilaneous Electric
Heating

Resistance Heating,
Induction Heating,
Electric Arc Heating

2. Thermal Process Heating  Rotary Kiln Incinerator
(operated in slagging

mode)

and Molten Metals Technology, Inc. {Roy, 1981). While
these technologies may be applicable to many of the
same wastes as vitrification, it was felt that inclusion of
these types of processas was heyond the scope of this
document. Thereiore, this document is limited to pre-
cesses ihat use high-temperatures to produce & waste
form that is all or largely glass.

3.1 Electric Process Heating

Many types of eiectric heating processes are potentially
applicable to vitrification. Joule, plasma, microwave,
induction, and electric arc heating are the electric pro-
cesses currently being applied to vitrification.

3.1.1  Joule Heating

In joule heating, an electric current flows through the
material. As the material internally resists the current, the
current loses power and transfers heat energy to the
material. The dissipated power is predicted by Joule's
Law:

P =12R

where P = dissipated power {watts, W),
| = current throughthe material (amperes, A), and
R = resistance of the materdal (ohms, Q).

Thus, with increased electrical resistance, if current can
be maintained, additional power is dissipated and the
material heats more rapidly. However, unless the voltage
is increased, anincrease in resistance will also decrease
current. This is predicted by Ohm’s Law:

R=V/iorV=IR
where V = voltage {(volts, V),
i = current, and
R = resistance.

Ohm's Law explains why materials with low resistivity are
often heated at low voltages (5 to 48v) in non-vitrification



processes. However, soils and other materials heated by
joule heating are frequently quite resistant and require
higher voitages.

Several propedies of glass impact the joule heating pro-
cess. Among these properties is glass’s poor electrical
conductivily (high resistivity) as a solid. Conversely, at
high temperatures, especially in the liquid state, glass is
a more efficient electrical conductor and can be heated
directly by electric current. Glass resistivity decreases by
a factor of 1013 to 1074 as temperatures increase from
ambient temperature to 1300-1400°C. This is explained
by the structure of glass: current flow takes place due to
the mobility of ions in the silica framework. As increased
heating input breaks apari the framework, ions are
increasingly able to carry the electric charge (Orfeuil,
1987). Figure 3-1 illustrates the decreased resistivity of
selected glasses as temperature increases.

The resistivity and melting pointtemperature of a particular
glass are aiso influenced by the chemical composition of
that glass. Alkali contant is particularly important in
carrying charge. For equal alkali content, electrical con-
ductivity is inversely proportional to the size of the ions.
Therefore, sodium glasses have a higher electrical con-
ductivity than do potassium glasses. However, conduc-
tivity is not related by a simple equationto the concentration
or size of iens, and in general, only measurements can
provide electrical resistivity values (Orfeuil, 1887}.

Melt viscosity is the most important processing property;
it controls processing rate, product homogeneity, and
heat transfer within the molten glass. It exers this control
primarily by impacting convection currents (Orfeuil, 1987).
Viscosity is modified by changing feed composition or
process temperature.

Mechanical Constraints. Characteristics of the molten
glass place mechanical constraints on the design of a
joute heating system. For example, since the conductivity
of molten glass is ionic, an alternating current (AC) must
be used to avoid the risk of electrolysis, annodization of
glectrodes, and the depletion of charge carriers (Orfeuil,
1987},

Etectrodes must withstand corrosion from the molten
glass bath, offer adequate mechanical strength at high
temperatures, and have low resistivity. The commercial
glass industry generally uses graphite and molybdenum
for electrodes.

The position of the electrodes in the furnace controls the
buildup of convection curranis in the melt and, subse-
quently, homogeneityin the melt. Their arrangementwith
respect to each other, and with respect to the top melt

level, controls the energy given off and enables the beast
possible glass melting conditions to be obtained. The
concentration of energy around the electrodes car
local heating, resulting in an upward movement o.
glass and convection currents in the bath,

Joule heating vitrification can be carried out both ex situ
and in situ.

3.1.1.1 Ex Situ Joule Heating

Joule process heating furnaces for the treatment of
hazardous wastes evolved directly from glass mellers in
the glass industry. The electric furnace/melter category
includes processesthat use a ceramic-lined, steel-shelled
melterto contain the molten glass and waste materials to
be mealted.

Some melters are much like electric glass furnaces used
to manufacture glass products {e.g., botlles, plates).
Such melters receive waste materials and giass batch
chemicals directly on the surface of a molten glass bath.
Most melting occurs at the waste/molten glass interface
as heat is transferred from the moiten glass. As waste s
heated, volatiles may be released and organics are either
pyrolyzed {in an oxygen-poor enviropment), or oxidized
(in an oxygen-rich environment). Off-gas treatment is
required to minimize air emissions. Figure 3-2 shows a
process flow-sheet for a typical joule-heated cers
metter (JHCM).
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Flgure 3-2. Typical JHCM Process Flowsheet (adapted from Koegler et al., 1988)

The molten glass melt has several distinctive character-
istics which influence processing conditions and, ulti-
mately, contaminant destruction and product formation.
The more important of these will be briefly described here.

The melt is initiated by some form of pre-heating. Once
the glass is fluid and conductive, heating continues by
joule heating, as described earlier. Melt temperatures
generally range from about 1000°-1600°C (Chapman, Incoming feed olf-gases
1984). Maximum temperatures are limited to prevent | ] plenum
corrosion of electrodes or refractory material and volatil- =

. . coid cap
jization of constituents.

xxxxxxxxx

For many glass melters, an important part of the vitrifica- refractory wall =1
tion process is the formation of a ¢old cap, ¢r crustonthe

top of the melt (Figure 3-3). The cold cap forms from the molten glass
feed as it is introduced from the top of the melter and

functions as the interface between the incoming material o reelpitate
and the molten glass. Water evaporates from the top of

the cap and enters the off-gas system. The cap’s bottom

contactsthe glass andisthe interface where teed material molten metal tap
melts and forms the waste glass matrix. The cold cap

pertorms the important function of filtering and holding

volatilized wastes for possible re-incorporation into the Figure 3-3. Generalized JHCM Showing
melt. Components of Melter and Molten Material
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In addition to the cold cap, other zones of non-glassy
matenal may form in the melter. If the melt is strongly
reducing, metals in their elemental form may sink and
farm a fayer on the bottom of the meit. This electrically
conductive layer may short the system and shut down the
melter. Solutions for this difficulty include melter design,
electrode placement, feed modification, and an additicnal
lap on the bottom to remove metal slag separately from
the glass. Metals which commonly form a slag include
palladium, ruthenium, rhodium, silver, iron, and other
heavy metals. This metallayermay potentially be recycled.

A salt layer may also form. Salt layers float on top of the
melt and could cause shorting and corrosion (Eisenstatt
and Chapman, 1886).

Electric furnace melting may result in several types of
processing problems. Ameng these are:

1. Foaming (possibly caused by oxidizing condi-
tions) may lead to unstable operations and pres-
sure surges. Prolonged glass foaming may also
lead to corrosion of refractory walls (Holton et al.,
1988).

2. Cold-cap bridging {occurring when liquid flows
under the cold cap) creates a high pressure zone
which may result in uncontrolied glass discharge
{Holton et al., 1988).

3. High electrical conductivity in the melt may cause
the current required to heat the giass to exceed
the recommended maximum current density for
the melter electrodes.

4, Low electrical conductivity in the meit may resuit
in a high voitage potential, causing conduction
within the refractory material. Low conductivity
also requires large electric power systems
{Koegler et al., 1989},

5 High viscosity may slow the processing rate
because the interaction rate between feed and
glass is slowed (Koegler et al. 1989).

6. Low viscosity (<100 poise) may result in in-
creased melter corrosion.

However, these problems are amenable to feed modifi-
cation and other types of processing adjustments,

Other melters involve feeding mechanisms that introduce
waste materials below the molten glass surface. Such
methods of introduction result in the pyrolysis of organic
contaminants within the moiten glass, followed by evolu-
lion of pyrolyzed off-gases to the plenum (the space
above the glass surface) where they may combust.

Undestroyed organics and organic by-products thenmove
to the off-gas treatment system for removal. Both types
of melters result in the incorporation of low-vapor-pre-
sure incrganics into the molten glass.

Electric melters must pericdically be tapped (drained) to
remove the accumulated glass product. The moiten
glass may be cast directly into containers or sand. An-
other alternative uses a water bath {quench bath) to
produce a granular residual product (aggregate).

Following is a description of several innovative melters
that fall into the category of joule heated melters.

Stir-melters. Stir-melters are joule heated melters in
whichthe molten materialis agitated by a stirrer (Richards
and Lacksonen, 1891; Bickford etal.,19%1). Because this
increases efliciency in heat distribution, stir-melters have
a high throughput rate for their size. Throughput rates
with the stirrer operating have been eight times greater
than those without the stirrer operating. The greater
efficiency in heat distribution also permits eperation of the
stir-melter atlowertemperatures, thus allowingincreased
flexibility in selection of materials for melter compongnts
and increased contaminant incorporation into the waste
glass. The increased throughput rate means the stir-
melter can be constructed small enough o be used in
gloveboxes for the treatment of radioactive materials.
The smaller size and lower operating temperatures a
reduce costs by reducing heat losses.

Liguid-fed Ceramic Melters (LFCM}. The LFCM is cur-
rently the state-of-the-ant melter for HLW. The advantage

of the LFCM is that it is capable of converting high-level
liquid wastes (HLLW) directly into glass without
pre-calcination. Because it avoids caicination, the entire
process is simpiified and costs are substantially reduced.
Seven projects are formally committed to the LFCM:
Savannah River's Defense Waste Processing Facility
{DWPF), USA; West Valley Demonstration Project, USA;
Hanford Waste Vitrification Project, USA; Germany's
PAMELA plant at Mol, Belgium; Wackersdorf, Germany;
and Japan's Vitrification Facility (Chapman and McEiroy,
1989).

3.1.1.2 In Situ Joule Heating

In situ joule heating is represented by ISV. ISV evolved
from joule-heated glass melters developed to immobilize
radioactive wastes. It was developed by Battelle at
Pacific Northwest Laboratory (PNL) for the U.S. Depart-
ment of Energy (DOE). The ISV process has been
developed and demonstrated through large-scate test-
ing. Wastes treated include a variety of hazardous
chemical, radioactive, and mixed {(hazardous chemic
and radioactive) wastes.



ISV convens contaminated soil and other substrates into
a stable glass and crystalline product. Figure 3-4 depicts
the process. The Elecirode Feed System (EFS) inserts
a square array of four graphite electrodes into the con-
taminated site. This mechanism allows the electrodes to
sink to increasingly greater depths as the molten glass
increases in volume. Processing continues until the de-
sired treatment level is reached, or until a process-
fimiting depth is reached. !f processing difficuities are
encountered, then EFS can "grasp” the electrodes and
thus prevent their downward movement until the difficulty
is addressed. Previously, 1SV required insertion of the
electrodes into boreholes prior o vitrification.

Because soilis not electrically conductive when moeisture
has been driven off, a conductive mixture of flaked
graphite and glass frit is placed between the pairs of
electrodes as a starter path. An electrical potential is
applied to the electrodes to establish an electrical current
in the starter path. The resuitant power heats the starter
path and surrounding soil to 2000°C, well above initial
soil-melting temperatures of 1100°C to 1400°C. The
graphite starter pathis eventually consumed by oxidation
and the current is transferred to the molten sail, which is
electrically conductive when molten. As the molten or
vitrified zone grows, it incorporates radionuclides and
nonvolatile hazardous elements, such as heavy metals,
into the meit and pyrolyzes organic components. The
pyrolized by-products migrate to the surface of the vitri-
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fied zone where they combust inthe presence of oxygen.
A hood placed over the vitrified area directs the gassous
effluents to an off-gas treatment system (Buelt,
Timmerman, and Westsik, 1989},

Attempts to reduce costs by utilizing a fabric hood were
not successiul. Fabric hoods have caughtfire twicein ISV
tests, once during a PNL test and once during a Geosafe
test. Bothfires started when molten material splashed on
the hoods. The hoods used at the time of the fires were
fabric hoods coated with heat-resistant sealants. Since
these fires, both PNL and Geosale have reverted to
previous steel hood designs. This change from fabric
hoods to steel hoods has delayed the application of ISV
to several sites.

As the meit grows dewnward and outward. power is
maintained at sufficient ievels to cvarcome haat losses
from the surface and to the surrounding soil. Generally,
the melt grows outward beyond the electrodes to a
distance equal to about half of the spacing of the elec-
trodes. For example, if the electrode spacingis5.5m, a
melt width of about 8.5 m would normally be observed.
The molten zone is roughly circular and somewhat flat-
tened. The tendency to flatten increases as melt size
increases (Buelt, Timmerman, and Westsik, 1389}.

In order to control the amperage during ISV processing,
operators use a power transformer with multiple voltage
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Figure 3-4. Schematic of ISV (adapted from USEPA, 1989b)
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taps. At start-up, the ISV process requires high voitage
{up to 4,000 V) to overcome the resistance of the soil.
Current is relatively low {400 A) at this time. As the melt
progresses and resistance decreases, voltage is de-
creased (down to 400 V by the end of processing) to
compensate for the decreased resistance of the molten
glass and the resultingincrease in current (up 10 4,000 A
by the end of processing). Processing continues until
heat loss from the melt approaches energy delivered to
the soil viathe electrodes, or until power to the electrodes
is shut off (Jacobs et al., 1988).

Five major subsystems comprise the process equipment
to perform ISV: (1) electrical power supply, {2) off-gas
hood, (3) off-gas treatment, (4) off-gas support, and (5)
process control (Buelt, Timmerman, and Westsik, 1589).
These five major subsystems and their set-up at atypical
site are depicted in Figure 3-5. Except for the off-gas
hood, all components are contained in three transport-
able trailiers. The oif-gas hood and off-gas line, which are
installed on the site for collecting gaseous effluents, are
dismantled and placed on a flatbed trailer for transport
between the sites to be treated.

The normal processing rate for the large-scale systemis
3to Stons/hour (/h). The maximum depth demonstrated
thus far has been 5 m (17 ft) by PNL and 5.8 m (18 ft) by
Geosafe. The average processing operation lasts about
150 to 200 hrs, depending upon the depth and electrode
spacing (Buelt, Timmerman, and Westisik, 1989).

ISV processing is termed “in situ” when the soils are
processed where they presently exist. Placing soil in a
trench or container for treatment is termed “staged”

processing. For example, a staged application may in-
volve consolidating contaminated soil by removing the sail
and placing it inatrench. The filled trench could the- " »
vitrified.  Typically, staged application would be
effective where the contaminants are widely distributeu
the top few feet of the site. Because ISV is a balch
process, it may not be cost effective to move the heod
from setting to setting to vilrify the top few feet of the
contaminated material.

Apredictive modelof the ISV process has beendeveloped
at PNL to assist engineers andresearchersin the applica-
tion of 1SV to different sites. The model, configured on a
Macintosh personal computer, predicts vitrification time,
melt depth and width, and electricat consumption. Pre-
dictions are based ondatainputs of electrode configuration,
soil parametars, and molten-giass characteristics. The
model's pradictions are usefu! for operations planning,
cost estimates, and melt locations. The depth and width
predictions, for example, can be used to locate the melts
to help ensure that the entire contaminated region is
treated and that adjacent structures are not damaged by
ISV treatment, Using the model to predict the shape of a
large-scale ISV melt indicated close agreement between
model prediction and actual monolith shape. Furher
validationtastingis needed, however (Koeglerand Kindle,
1991).

3.1.2 Plasma Heating

Plasma heating is an electrical heating process which
relies onthe conversionof a gasinto a plasma throughthe
application of energy by an electric arc. Plasma heating
offers high operating temperatures and high power densi-
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ties. Unlike joule heating vitrification, which grew out of
the glass-making industry, plasma heating vitrification
has grown out of the specialty metals industry.

Aplasmais anionized gas. Athigh enough temperatures
(e.g.. 20.000°K for argon), electrons are stripped from
their nuclei and the matier exists as a mixture of negative
electrons, positive nuclei, and atoms. The ionized par-
ticles make plasma an excellent electrical conductor
(Jacob 1991; Orfeuil, 1887).

There are two lypes of plasmas: plasmas in which the
degree of ionization is close to unity and plasmas which
are only partiaily ionized (Jacob, 1991). The first type of
plasma occurs in thermonuclear fusion, in which tem-
peratures reach several millions of degrees. This is the
type of piasma found in the sun and which has no
industrial applicaticn at present. In partially ionized plas-
mas, the degree of ionization varies from 2 to 50%. The
temperatures of parially ionized plasmas vary between
2,000°K and 5,000°K. It is these plasmas that have
industrial application (Jacob, 1991; Orfeuil, 1987).

Plasma heating equipment must perform two basic func-
tions: creating the plasma and effectively heating the
product.

Plasmais commonly created by passing a gas through an
electrical arc. The arc can be generated by direct current
(DC) or alternating current (AC). With a DC arc the
cathode generzlly consists of tungsten and the anode
generally consists of copper. The anode also typically
functions as a nozzle directingthe plasma. In contrast, in
a single phase AC arc plasma generator, the electrodes
act as the cathode and anode alternately, and must
theretore be made from the same material.

Gases used in generating a plasma arc include nitrogen,
oxygen, noble gases, air, and mixtures of these gases.
Electrode life is a major concern and is influenced by
electrode material, the gas used, and electrical current
levels. Electrode structure, gas injection method, and
nozzle design help shape the plasma and determine
heating efficiencies.

The product is heated in one of two ways: by a
non-transferred arc or by a transferred arc (see Figure
3-8). A non-transferred arc uses two internal electrodes.
A small column of injected gas is heated by the electric
arc, creating a plasma flow that extends beyond the tip.
Non-transferred arcs heat only via conduction and pro-
duce a dispersed heat that is needed for tasks such as air
and gas heating and drying. Non-transferred arcs have
been applied to hospital wastes.

Atransferred arc uses the working material as one of the
electredes. Therefore, in a transferred arc application,
heating occurs via convection, radiation, and electricai
resistance. ltisthetransferred arg thatis the heat seurce
in hazardous and radicactive vitrification applicaticns. in
these applications, the plasma arc meits the material to
form a molten bath from which glass is periodically re-
moved to form the immobilized waste product.

The application of plasma heating to hazardeus material
is international in scope. Kupp, a German firm that was
recently purchased by Mammesman Demag, has devel-
oped an AC transferred arc torch with a tungsten tip that
has application to hazardous materials. Aerospatiale, a
French company, has a nen-transterred arc terch with
application to medical wastes. Tetronics Research and
Development Company in Faringdon, Engfand, has re-
searchad treatment of contaminated seoil and incinerator
ash. Davy McKee's Research and Development Group in
Stockton-on-Tees, Engiand, is working on a plasma fur-
nace for treating arc furnace dusts by recovering the
metals and ieaving a material suitable for fandfill {Jacob,
1991).

in the United States, Plasma Energy Corporation (PEC)
has a transferred arc plasma torch that has been used in
industrial applications in the past andis now being applied
to the vitritication of ash from the incineration of municipal
solid waste (MSW) in Japan. In one effort, Ebara and
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infilco are applying the PEC torch at a pilot-levetplant. In
the United States, PEAT, Inc. is researching the applica-
tion of the PEC torch to medical wastes and incinerator
ash.

Retech, Inc. of Ukiah, California has developed a plasma
heating furnace called the plasma centrifugal reactor
(PCR}. Inthe PCR, prepared waste materiais are fedinto
a rotating reactor in which a transferred-arc plasma torch
is operating. The rotating reactor also serves as one
electrode forthe transferred arc. The plasmatorch, which
is capable of temperatures exceeding 10,000°C, heats
the waste material beyond the point of melting to about
1,600°C. Centrifugal force created by the rotating reactor
prevents waste and molten material from flowing out of
the reactor through the bottom. The rotation of the reactor
also heips to transfer heat and electrical energy evenly
throughout the molten phase. Periodically, the melted
material is allowed to fallinto a slag chamber where it is
collected in waste containers {Eschenbach, Hill, and
Sears, 1989). Figure 3-7 is a schematic of a demonstra-
tion PCR; it shows the location of the elecirodes and the
way in which the molten glass pools due to centrifugal
forces.

ARC
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REACTCR
WELL

Organics and other volatiles emitted during the plasma
heating pass from the reactor chamber {0 a secondary
combustionchamberinto which an oxidizing gasis adder
thus alfowing for further destruction of any organics
maining in the gas phase. Resulting off-gases are th.
transferred to an off-gas treatment system to ensure safe
air emissions.

Figure 3-8 illustrates the components of a full-scale PCR,
including the feed system, reactor, secondary combus-
tion chamber, slag chamber, and off-gas system.

3.1.3 Microwave Heating

In microwave heating, a form of dielectric heating, the
body to be heated absorbs eisctromagnetic raciation.
More specifically, a dielectric is a material which is an
glectrical insulator. A dielectric becomes polarized when
it is placed in an electric field. I the electric field is
alternating, successive distortion ofthe molecules causes
heating (Orfeuil, 1887). Ceramic-like wastes such as
incinerator ash, thermal insulators, concrete, seil, and
sand are mostly composed of dielectric material and can
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Figure 3-7. Schematic of the Demonstration PCR Showing the Bottom-Pour Configuration
for Exit Gas and Molten Glass (Eschenbach, Hill, and Sears, 1989)
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be directly melted by microwave radiation (Komatsu et al.,
1990).

Dielectric heating is usually classified into two
sub-categories on the basis of frequency ranges used:
radio frequency heating using frequencies between 10
and 300 MKz, and microwave heating using frequencies
between 3,000 and 30,000 MHz {Orfeuil, 1987). Of these
two forms of dielectric heating, only microwave heating
has been used to vitrify hazardous wastes.

A microwave installation consists of a microwave genera-
tor, a waveguide, an applicator, and ancillary monitoring,
handling, and safety devices (Fig. 3-8). The microwave
generator produces the microwaves that dielectrically
heat the load material. The waveguide directs the micro-
waves from the generator to the load material by reflecting
the microwaves from its metai walls; it also keeps
radiowaves from propagatingin all directions. Applicators
define the way in which the microwaves are applied to the
load material. There are many types of microwave appli-
cators. These applicators vary depending on the type of
process, continuous or batch, and the nature and shape
of the load material (Orfeuil, 1987). Ancillary monitoring,
handling, and safely devices work much as those usedin
other types of treatment processes.

The main advantage of microwave heatingisthatthe heat
is produced directly and solely in the mass of the material
to be heated. Another advantage is high power density.

The main disadvantage is relatively high energy con-
sumption and corresponding costs {Orieuil, 1587). Arcing
resulling frominduced currents in metallic components of
waste may damage the microwave generator unless
special provisions are made.

Kobe Steel, Ltd. has developed anincinerator/microwave
melter treatment process for plutenium contaminated
solid waste at the Plutonium Waste Treatment Facility
{PWTF) in the Tokai Works of the Power Reactor and
Nuclear Fuel Development Corporation (PNC) (Miyata et
at,, 1889, Ohuchi et al., 1989). Inthis process, plutonium
contaminated solid waste is incinerated and the ash is
passed te the microwave melter. The microwave system
consists of a melter, agh feeding system, microwave
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Figure 3-9. Microwave Melter (Orfeuil, 1987)



feeding system, and the waveguide are all contained
within a glove box for safety in handling the radioactive
material. Only the microwave generator is outside the
giove box. Generated microwaves are introduced intothe
glove box via the waveguide. The microwave melter
operates in batch feed. Inthis process, the material to be
treated is placed in crucibles before vitrification. These
crucibles serve as melt containers and, ultimately, stor-
age containers for the waste glass.

The microwave melter has also been demonstrated on
sturry produced from a nuclear reactor. Melting and
immobilization occurred in crucibles that were later
capped and then welded by a remote-controlled piasma
arc welder {(Komatsu et al., 1990).

Kobe Steelis now seeking to apply microwave heatingto
a wide variety of non-combustible wastes, including liquid
and sludge wastes, inorganic insulators {such as asbes-
tos and rock wool), residues of acid digestion and direct
liquid wastes, concrete, contaminated soil and sand, and
radioactive contaminated wastes.

in America, the DOE is researching the application of
microwave vitrification to radioactive wastes. Bench-and
pilot-scale tests have been conducted using actual trans-
uranic (TRU) waste from Rocky Flats Plant. Results were
similar to those from cold bench-scale tests and encour-
aged further research (Petersen, 1880). Methodology
similar to the Japanese microwave methadology is also
being developed at QOak Ridge National Laboratory
{ORNL).

3.1.4 Miscellaneous Electrical Processes

Several electrical heating methods have been used in
vitrification, but not extensively, Theseinclude resistance
heating, induction heating, and electric arc heating. Of
these, electric arc heating probably represents the greatest
potential for broad application to the treatment of
hazardous waste, but it is still in the garly stages of such
development.

3.1.4.1 Resistance Heating

Initial large-scale testing of vitrification for HLW was done
in crucibles heated by external resistance heaters. Their
design represented a direct increase in scale from glass
development crucible tests. Crucible heating was dis-
carded as atreatment optionfor HLW because of low melt
rates caused by slow heat transfer and lack of agitation
and because temperature non-uniformities made it diffi-
culty to homogenize the glass (Bickford, Hrma, and Bowan,
1990).

3.1.4.2 Induction Heating

Currently, induction heating application to hazardous and
radioactive wastes is represented by the French /
process (Atelier de Vitrification Marcoule) and its
scendents. However, bacause induction heating is also
used in commercial glass manufacturing, it is potantially
applicable to hazardous and radioactive wastes and will
be briefly described here.

Induction heating is accomplished by inducing currents in
the materialto be heated. Forexampie, asolencidcanbe
used to create a variable magnetic field inside the coil and
around it. if an electrically conductive body is placed
inside the magnetic field, the variation in the magnetic
field causes a variation in the magnetic flux passing
through the material and induces an electromotive force
{EMF) current. The EMF current causes eddy currents,
and these are convertedinto heat due to the Joule effect.
Induction heating can also be created using highly varied
induction configurations (flat inductors, linear inductors,
tunnel inductors, etc.) and a wide range of relative part/
inductors (Orfeuwil, 1987).

The French have developed an induction-heating vitrifi-
cation process preceded by calcination for their process-
ing of HLW (Jouan, Ladirat, and Moncouyoux, 1886,
Bonniaud et al., 1886; Baehr, 1989). This system, the
AVM, has been operaling since 1878 and is located ~*
Marcoule, France. As of October, 1988 the AVM

vitrified 1,225 m?® of concentrated fission product so..
tions. These operations generated 540 tons of glass
packaged in 1,547 metallic canisters {Baehr, 1989).

The AVM facility treats HLW in two primary steps: caici-
nation and glass formation. The caicination process
occurs first and drives off water, converts hydroxides to
oxides, and sinters the material, thereby reducing surface
area. The resulting calcine is mixed with appropriate
glass-forming materials and meltedin theinduction-heated
glass furnace.

Vitrification processes in several other locations are
modeled on the AVM facility. In France, two new, sister
vitrification piants are being built at La Hague. The
English are employing a similar system to vitrify English
HLW at Sellafield (Nuclear Engineering International,
1990).

3.1.4.3 Electric Arc Furnaces

Electric arcfurnaces also are being appliedto vitrification;
they heat by creating current flow between two electrodes
in an ionized gas environment. They ditfer from plasma
furnacesinthat a plasmais not created and therefore r



part of the heat transfer mechanism. The electric arc
furnace was first developed in the metal industry.

A greup from Electro-Pyrolysis, Ing. is working with a
group from Massachusetts Institute of Technology to
develop an innovative vitrification process. In this pro-
cess, aDC electricarcis usedinconnectionwith a plasma
heating arc to pyrolyze solid hazardous materials. The
electric arc provides the primary energy for the heating
and melling of the target material. This o¢cursin a sealed
unit, thus reducing overail the amount of gases produced
during pyrolysis and allowing the gas to be removed from
the system in a non-oxidizing atmosphere. Furthermore,
because the chamber is sealed, generaled gases are
forced o exit upward through the hoillow arc-generating
glectrode and must pass through the electric arc, In
addition, a plasma-heated zone created by electron-
beam ionization and microwave heaiing is located at the
tip of the electrode; gases must also pass through this.
Thus, the plasma functions as a scrubber for off-gases
generated by the electric arc. The electric arc provides
target material heating and also off-gas treatment
{Bromberg et al., 1991).

An electric arc is also being used in the vitrification tests
in Albany, Oregon of MSW bottom ash and fly ash and the
ash from sludge incineration. These tests are in the
shakedown stage in preparation for round-the-clock
testing. The Bureau of Mines and the American Society
of Mechanical Engineers are the primary sponsors of
these tests. The Japanese are also working on electric-
arc vitrification.

3.2 Thermal Process Healing

Thermal process heating differs from electric process
heating in that the heat for melting is produced by the
burning of the waste and/or fuel. The melting most com-
monly occurs in a rotary kiln operated in a slagging mode
to produce a glass product, but other incinerators are also
used 1o vitrify wastes. Fossil-fuel-fired glass furnaces
have been used in the glass industry and may alsc be
applicable to waste vitrification. This section describes
several rotary kiln processes and one other thermal
process used to vitrify wastes.

Betary Kiln Incineration. A rotary kiln is a cylindrical,
retractory-lined shell mounted at an incline from a hori-
zontal plane. This cylinderis rotated to facilitate mixing of
wastes under incineration with combustion air, as well as
te promote transfer of wastes through the reactor. Con-
stant rotation of the kiln also provides centinuous expo-
sure of fresh surfaces to oxidation to promote destruction.
A rotary kiln system includes the waste feed system,

rotary kiln incinerator, auxifiary fuel feed system, after-
burner, and air pollution control systems.

Wastes and auxiliary fuel are injected into the high end of
the kiln and pass through the combustion zeng as the kiln
slowly rotates. Retention time can vary frcm several
minutes to an hour or more, Wasies are substantiaily
oxidized to gases and inert ash within this zone. Ashis
removed atthe lower end of the kiln, while flue gases pass
through a secondary combustion chamber and then
through air poliution control units for particulate and acid
gas removal. Residual streams generated during rotary
kiinincinerationinclude bottom ash, fly ash, and scrubber
wastewater (Johnson and Cosmos, 1889; USEPA, 1988).

Rotary kiln incinerators operated in the slagging mode
may produce a vitrified product. Athigh enough tempera-
turgs, the material in the kiln will deform, procucing an
amorphous state in that material. This melten slag can
then be tapped and may hardeninto a glass or glass-like
product upon cooling, based on material composition
{Brunner, 1984). Leachability tests were conducted on
the hardened slag produced in a 50,000 metric tens/year
rotary kiln operating at Rijnmond, Holiand. Results indi-
cated that the slag, as produced, would pass the EPA
Toxicity Characteristics Leaching Procedure (TCLP) tests
{Schlegel, 1989).

Kiln incineration may be used as a vitrification process by
itself or prior to a-vitrification step in a treatment train.
Inorganic Recycling, Inc. {IR1) has developed a vitrifica-
tion process using only incineration, while Marine Shale
Processors (MSP) has developed a vitrification processin
which only a portion of the incineration products are
vitrified. These processes are described below.

IRI's kiln-driven process uses FO006 waste {wastewater
treatment sludges from electroplating) as feedstock to
produce ceramic products. Metals in the waste feed
increase the hardness of the glass-like products and also
aftect their color (The Hazardous Waste Consultant,
1990a). Figure 3-10 shows a flow diagram of IRI's
recycling process. The process involves two primary
operations: mixing and vitrification.

The mixing syslem operates in a batch mode. Before
being mixed, each batch of FO06 feedstock is tested to
determine the amounts of other raw materials that must
be added to the batch. In the mixing vessel, water and
various chemicals are added to the waste and a series of
oxidation-reduction reactions take place. Afterthe reac-
tions are complete, silicates, such as sand and ¢clay, are
blended with the feed. The mixture is then pumped into
an agitated holding tank.
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The vitrification system operates continuously. Material
is pumped fromthe holding tank into the kilnat a controlled
rate. Kilntemperature is varied based onthe composition
ofthe feed. A poolof molten material forms in the kiln and
rises to an overflow level. When it reaches the overtlow
level, the molten materiai flows out of the kiin and into the
exit systern.

According to IRI, the material produced in the recycling
process has numerous potentiat uses. These include:
architectural products, such as wall and floor tiles, patio
stones, mosaics, sinks, tubs, and countertops; abrasive
products, such as sandpaper, shot blast, and grinding
media; and refractory products, such as high-tempera-
ture bricks and other insulating materiais ( The Hazardous
Waste Consulftant, 1990a}.

In the MSP incineration/vitrification process, the hazard-
ous malerials may form the raw ingredients for an aggre-
gate materal. The primary elements of the processing

system are a 275-foot, counter-current rotary kiln where
incineration occurs, a puddling furnace where vitrification
occurs, and an off-gas treatment systemwhere off-gases
are treated (see Figure 3-11}.

Sludges and solids are prepared for processing by blend-
ing. Included inthis blend are the shredded containers in
which the wasle was stored or transported. The produc-
tion of feed material by blending is controlled to produce
a feed with a heat content between 18,600 and 25,570
joules/gram (8,000-11,000 BTU/Ib). Raw ingredients are
fed into the elevated end of the kiln and move toward the
lower end with a residence time of 120 to 150 minutes.
The lower end of the kiln is fired with natural gas and liquid
fuels. Oxygen and airare also introduced atthe lower end
to suppeort oxidation and maintain temperatures at ap-
proximately 1200°C. Solids exiting the lower end of the
kiln are separated by size. Fine materials are sent to the
puddling furnace to be vitrified, while large materials, su~~
as gravels and ferrous materials, are stored for tes!



Gases travel up the kiln and enter the off-gas treatment
system where the remaining organic materials may be
destroyed thermally (temperatures range from 870 to
1260°C) in a series of oxidizers {Harlow et al., 1983).

The primary source of energy for melting process residue
in the puddling furnace is the gases from the incineration
process. This is augmented with a natural gas/oxygen
lance that fires uponthe molten surface. Puddling furnace
by-products are fed to the smelting section while the lava
migrates to the lower section of the smelter and enters a
pooling pot (Harlow et al., 1988}

Multi-fuel Glass Melter. Vortec has developed a multi-fuel
glass melter with application to hazardous wastes (Hnat
et al.,, 19900}, The Cyclona Melting System (CMS) is
composed of three primary components: a multi-fuel-
capable batch preheater, acyclone meiter, and a glass
melter reservoir. Prehealed combustion air, pulverised

ceal, and glass-forming ingredients enter the preheater
fromthetop. The batch rapidly preheats in suspension by
radiative and convective heat transfer. The preheateris
designed to burn pulverized coal or a variety of gaseous,
fiquid, and coal-slurry fuels. The preheated batch ingre-
dients are separated against the walls of the cyclone
mefter by centrifugal forces. The liquid phasa reactions
occur along the wails, and the melted glass and combus-
tion gases exit the melter to the meit reserveir. The melt
reserveir gives material more time to form a glass, andis
designed to hold an adequate supply of glass for level
control or temperature conditioning. The mefted glass
may then be deliveredto a glassforming process, orcther
glass conditioning device, for integration with a glass
manufacturing process. The combustion gases exit the
melt reservoir 10 a high-temperature recuperator where
waste heat is recovered and recycled to the preheater.
Oif-gascontaminants may alsobe recycledtothe preheater
to increase process destruction efficiencies (DE's).
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CHAPTER FOUR

APPLICABLE WASTE TYPES AND CONTAMINANTS

This chapter discusses waste and contaminant types to
which vitrification applies. The wastes and contaminants
identified here are not inclusive. Vitrification potentially
applies 10 a very wide variely of wastes and contaminants.
As Chapter One made clear, inclusion of a waste and a
contaminant in this chapter does not mean that vitrifica-
tion is the preferred technology for this waste at all sites.
Furthermore, inclusion is not meant to suggest ihat all the
technical problems for application have been solved, or
even that they will be solved. The tests and studies
included in this chapter serve to indicate the potentiat ot
vitritication for consideration in early screening studies.

4.1 Applicable Waste Types

Some vitrification processes may be able to handle a wide
variety of waste types, while others are applicable only to
avery specificwaste stream. Wastes to which vitrification
potentially applies include:

’ Radioactive wastes and sludges

. Contaminated soils

. Contaminated sediments

. tncinerator ashes

. Industrial wastes and sludges

. Medical wastes

’ Underground storage tanks (USTs)
. Drummed wastes

. Shipboard wastes

. Asbestos wastes

Radioactive Wastes and Sludges. The global implemen-
tation of vitrification to treat nuclear wastes demonstrates
vitrification's potential for this waste type. Mixed wastes,
in which radioactive contaminants are combined with
Resource Conservation and Recovery Act (RCRA) haz-
ardous inorganic and/or organic contaminants, also pose
a challenge to remediation and/or disposal. Because
vitrification may destroy organics and incorporate
inorganics, it may be applicable at sites with difficult
wastes such as mixed wastes.

Radioactive inorganic contaminants are not destroyed
during vitrification, but, as most are metals, are generally
incorporated in the glass during vitrification. Thus, vitri-
fication puts them in a waste form which is more man-
ageable and decreasesthe probability of their escapeinto
the environment. The discussion of metal inorganics
(later in this chapter) will address the fate of radicactive
contaminants more fully.

Radioactive sludges {or slurries) will be the incoming feed
for the LFCM vitrification at West Valley, New York, and
the Savannah River Site {(SRS), South Caroiina (Bjorklund,
Mellinger, and Pope, 1984; Wicks and Bickford, 1989). At
the SRS, the sludge and the supernatant salt solution
from HLLW storage tanks will first be separated. Each of
these waste streams will then be treated to concentrate
the radioactive contaminants found in each. Prior to
melting, these streams will be mixed to formthe slurry that
will feed the LFCM (Wicks and Bickford, 1989).

Contaminated Seils. Treatment ot contaminated soils
has been proposed for all types of vitrification processes.
Generally, soils are amenable to vitrification since they
often contain high percentages ot silica, alumina, and
other glass-forming raw materials. Soil composition will
impact product characteristics such as density and
chemical durability. Soil composition will also impact
processing parameters by helping to define thermal con-
ductivity, fusion temperature, specific heat, eiectrical
conductivity, and melt viscosity (Buelt et al., 1987).

PNL evaluated soils across the United States and felt that
most were amenable to ISV (Shelley, 1990). The primary
soil characteristics limiting ISV application are high
quartz content and low alkali flux content without flux
addition. Other vitrification processes should also be
applicable to a variety of soils. Infact, the various ex situ
processes may be better able to vitrify a variety of soils
because of the greater ease with which incoming soil can
be modified through feed additives.

Site characteristics and treatment objectives will play an
important role in determining which type of vitrification
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process, if any, is applicable. Chapter Seven discussesin
more detail the limitations placed on vitrification by site
characteristics.

Oneimportant issue in the application of ISV to contami-
nated soils is whether velatile organic contaminants mi-
grate away fromthe melt, or are captured by the melt and
destroyed. This issue will be addressed later in this
chapter.

Contaminated Sediments. As most sediments are com-
posed of run-off soils and other components amenable to
vitrification, vitrification should be applicable at many
sites with contaminated sediments. However, sediments
generally have high moisture contents. Any material with
high water contentincreases processing time and energy
demands by first requiring that the water be driven off.
Thus, vitrification may be limited economically inits ability
to treat sediments. If vitrification is o be used to treat
sediments, the demands on time and energy needto be
addressed. This is generally accomplished by dewater-
ing or drying prior to vitrification.

ISV engineering-scale tests have been performed on
polychlorinated biphenyl (PCB) contaminated sediments
from New Bedford Harbor. Resulls indicated destruction
and removal efficiencies (DRE's) of greater than
99.99999%. TCLP testing resulted in leach extract that
contained metal concentrations below the regulatory
limits (Reimus, 1988).

|ncinerator Ashes. While incineration significantly re-
duces volume of waste materiais, the resulting ash may
concentrate undesirable inorganics and heavy metals.
Vitrification futher reduces ash volume, destroys residual
organics, and immoebilizes heavy metals. In addition, the
vitrified ash may become a useful construction material
and thus avoid the need to landfill the ash {Chapman,
1991). Treatment of incinerator ash is one of the growing
areas of interest in vitrification. In Japan, the aggregate
produced in the vitrification of incinerator ash is used in
road construction (GRI, 1989). Vitrification is potentially
applicable to the ash from MSW incinerators, hazardous
waste incinerators, and other incinerators. Both bottom
ash and fly ash may be amenable to vitrification.

Firms in Europe are increasingly looking to vitrification to
deal with the ash from hazardous waste incinerators.
Tougher pollution control legisiation, the expense and
regulations involvedin landfill disposal, and the closing of
international borders to the importation of hazardous
wastes are all helping to make vitrification cost effective
as the tail end of a treatment train focusing on incineration
as the main agent of toxin destruction (Gilges, 1991}. In
the United States, Recompof Washington (ROW) opened

a facility in 1991 to vitrify MSW incinerator ash. Feasibility
studies in preparation for this facility have indicated 2n
80% volume reduction of the ash {Chapman, 1991)

Used in the context descriced above, vitrification no
longer functions as a stand alone technology, but rather
as part of a treatment train. Darnell {1890} proposed that
vitrification be used in a treatment train preceded by
incineration and foliowed by solidification.

Industrial Wastes and Sludges. Because of vitrification's
ability to immobilize inorganics, it is considered for the
treatment of industrial waste streams containing con-
taminant metals. The United States Army Toxic and
Hazardous Materials Agency (USATHMA), for example,
has conducted bench-scale studies on the vitrification of
paint siudge wastes and found vitrificationto be applicabls
to these {Balasco et al., 1987). The vitrification sysiem of
IRl handles liquid, solid, orsludge typeinorganic feedstock
input such as metal-bearing suifates, metal-bearing car-
bonates, and metal-bearing phosphates. The IR! system
has been tested and has produced a potentially usable
product for the following EPA listed waste streams: FO06
{electroplating wastes); K081 (electric arc furnace ducts};
and D004 through DO06 {inorganic fransition metals,
arsenic (As}, barium {Ba), cadmium (Cd}, chromium (Cr},
andlead {Pb)); { The Hazardous Waste Consultant, 1930a).

As with sediments, industrial sludges are vitrifiable
water content may increase processing costs. Tests o
ISV with zirconia-lime sludges showed that the material
was vitrifiable and that the level of radon emanation was
reduced by a factor of 104 to 10 after processing. Mea-
sured radon emanation rates were in the femtocurie
range (Buelt, Timmerman, and Westsik, 1988).

Medical Wastes. The vitrification of medical wastes may
destroy potential pathogens, provide very large volume
reductions, andimmobilize any metals. Aplasma heating
system using a non-transferred arc has been tested on
medical wastes by Aerospatiale. Resultsindicated avery
low (0.25%) concentration of unburned waste in the solid
residue and no biclogical activity in the ashes.

Underground Storage Tanks. USTs containing sludges
and salt cakes of radicactive and/or hazardous chemicals
are present at many DOE sites. Recent enactment of
stringent environmental regulations requires timely
remediation of certain inactive tanks. Studies evaluating
tank remediation alternatives show that many of the tanks
may potentially be treated in place using ISV, although
signiticant technical issues need to be resolved. Tanks
containing material that cannot be economically removed
and tanks with outlying soil contamination are likely ¢~
didates for in-place treatment by ISV {(Campt
Timmerman, and Benner, 1990).



The ISV of USTs proceeds by filling the tanks with clean
or contaminated soil and then melting the tank, the tank
contents, and the surrcunding soil. Processing resuits in
the vitrification of tank wastes and the surrounding con-
taminated soil. The tanks themselves form a metal ingot
at the bottorn of the melt upon cooling (Campbeli,
Timmerman, and Bonner, 1990).

So far, researchers have tested the applicability of ISVto
USTs atthree levels: engineering-scale, pilot-scale, and
large-scale.

The engineering-scale test was conducted on a 30 cm
steel tank coated with concrete. The tank contained a
sludge made of the contents from QRNL USTs. Contami-
nants included uranium (U}, technetium (T¢), lead (Pb),
mercury {Hg), chromium (Cr), cesium (Cs), and strontium
(Sr). The tank, contents, and surrounding soil were all
vitrified.

The pilot-scale test was conducted on a 1 m steel tank
coated with concrete. The tank contained a 35-cm-deep
sludge layer containing hazardous wastes typical of a
“worst case” scenario for ORNL inactive USTs. Boththe
glass and metal products produced in this test passedthe
TCLP (Campbell, Timmerman, and Bonner, 1990}.

PNL completed a large-scale test of a 6000-gallon, 10-
toot-diameter, steel and concrete UST in July of 1991.
The tank did not contain hazardous or regulated materials
but did contain a layer of water saturated soil, with the
balance of the tank filled with pumice. The test was
terminated earlier than planned when a sudden reiease of
water vapor caused the containment hood to pressurize.
Since gas and vapor generated below the melt inside the
confines of the tank can only escape by venting through
the melt, it was discovered that under these conditions,
unpredictable, sudden releases of steam or vapor can
cause the containment hoodto pressurize. Consequently,
a key understanding of this behavior and identification of
potential methods to deal with it is necessary to mitigate
the consequences of gaseous releases under these
conditions.

Drummed Wastes. Vitrification is attractive for treating
drummed waste because the drums, as metals, may be
incomporatedintothe waste glass. Atleastthreeprocesses
have developed methodologies for treating drummed
wastes: MSP, Retech and ISV. In the MSP process,
liquids are removed from the drummed materials and
used as supplementary fuels. The sludges and solids in
the containers and the shredded containers themselves
are blendedto create awaste feed to a rotary kitn (Harlow
et al., 1989). The Retech process is similar in that liquids
are first removed and fed separately to the furnace. The

partiaily emptied drums are shredded in the furnace
above the melt using a copper electrode that creates an
arc with the drum. This arc melts and cuts the drum at the
arc contact point. Contents remaining in the drumfall into
the meit as the drum is shredded. Eventually, all the
pieces of the drum itsel fall into the melt chamber and are
incorporated into the melt (Schlienger and Eschenbach,
1991). While not ready for wholesale remediation of
drummedwaste, ISV has beenusedto process drummed
waste in tests. it may also be possible to add intact, filled
drums along with othertrashto aproperly designed ex situ
vitrification system.

Shinboard Wastes. Concerns goveming the disposal of
wastes at sea are driving the re-evaluation of waste
disposal options for shipboard wastes, Vitrification offers
a volume reduction of wastes and a chemically durable
product that may petentially be dumped overboard. Be-
cause of these attractive benefits, the U.S. Navy is ex-
amining this option. Furthermore, Penberthy Electromeit,
Inc. is marketing a version of their glass melter for ship-
board vitrification. However, no vitrification units are
known to be presently operating on board a ship.

Asbestos Wastes. Asbestos frequently contaminates a
wide variety of materials. Asbestos-contaminated materi-
als are amenable to vitrification because it thermally
destroys asbestos. Vitrification of asbestos is described
in greater detail later in this chapter.

4.2 Applicable Contaminants

Vitrification is potentially applicable to a wide range of
organics and inorganics, including both radioactive con-
taminants and asbestos. Because vitrification may immo-
bilize inorganics and destroy organics, itis also applicable
to wastes with organic and inorganic compounds.

Vitrificalion has four possible effects on contaminants:

1. Destruction through pyrolysis or combustion

2. Removal in off-gas treatment

2. Chemical and/or physical immobilization in the
glass product or metal slag

4, Escape into the environment

Pyrolysis in the intense heat within the molten bath
generally destroys organic wastes. Organic wastes not
destroyed by pyrolysis are generally destroyed by com-
bustion in a region separate from the melt. Most often,
combustion occurs in the plenum, or the area above the
melt surface, but within the furnace. For ISV, the plenum
is defined as the space above ground level, but withinthe
hood. in other processes, combustion may occur in a



secondary combustionchamber. Forexample, in Retech’s
plasma heat process, combustion takes place primarily
in a secondary combustion chamber adjacent to the
centrifugal furnace (Eschenbach, Hill, and Sears, 1989},
Organic contaminants that fail to pyrolyze or combust
must be removed by the off-gas treatment system.

Pyrolysis destroys not only organics, but asbestos as well.
in the mel, asbestos breaks down into its constituent
groups (atoms or molecules), and these constituents are
incorporated into the waste glass or removed by the
off-gas system.

Metals (including radioactive metals) are not destroyed
but are immobilized in the solidified glass or metal slag or
are vaporized. Immobilization may occur when the con-
taminant is incorporated into the glass network or encap-
sulated {or surrounded;) by the glass. These two immobi-
lization processes also prevent some radioactive decay
products frorm escaping into the environment. The off-gas
treatment system shouid be designed to capture vapor-
ized inorganics.

During ISV treatment, contaminants may migrate along
three different pathways. The first pathway occurs when
vitrification fails to either destroy or immobilize the con-
taminant and the contaminant subsequently passes
through the off-gas system without being removed. The
second pathway is the movement of ¢contaminants into
uncontaminated, adjacerit soil during ISV. The existence
and importance of this pathway are debated at present.
Finally, contaminants may also migrate during excava-
tion, transportation, pre-treatment, and other steps de-
manding handling of the contaminated material. Con-
taminant migration during material handling is a common
concern for all ex situ treatments, vitrification as well as
nen-vitrification treatments, and so will not be addressed
in this document.

Following is a discussion of the applicability of vitrification
to metal and radioactive inorganics, non-metal inorganics,
and arganics.

4.2.1 Metal and Radicactive Inorganic
Contaminanis

Metals are not destroyed during vitrification; therefore,
there are only three possible pathways for metals during
treatment: (1) removal in the off-gas treatment, (2)
chemical and/or physical immobilization inthe glass prod-
uct or metal precipitate, (3) escape into the environment.

Depending on treatment goals, chemical and/or physical
immobilization is generally preferredto off-gas treatment.
But when vitrification fails to incorporate metals into the

melt, they must be removed by the off-gas system and
receive additional treatment as secondary wastes. How
ever, it is sometimes desirable not to chemically
physically immobilize metals in the vitrification proces..
For example, mercury is removed during pre-treatment
prior to HLW vitrification at the SRS DWPF. Or. if
recovery of the metals is a concern, the metals may te
recovered from the off-gas system and thus reused. In
this scenario, non-incorporation in the melt and removal
by the off-gas system would be preferred. Recovery of
mercury in this way is being explored by the Department
of Defense {DOD) for remediation of the M-1 holding
ponds at the Rocky Mountain Arsenal, Colorado.

Retention efficiencies vary with type of metal; ditferent
metal oxides will have different solubility limits in glass.
The solubility limits of most matal oxidas and salts in glass
can be found in the Handbook of Glass Manufacture
(Tooley, 1984 and other documents on glass production.
Oxides for which extensive solubilily information is
available are: alumina, antimony oxide, arsenic oxides,
barium oxide, cadmium oxide, chromium oxide, copper
oxides, cobalt oxides, iron oxides, lead oxides, manga-
nese oxides, nicke! oxides, selenium oxides, tin oxides,
and zinc oxides (USEPA, 1990a). Waste glass will retain
metals with varying efficiency depending on the type of
vitrification process used and its operating parameters.
These limits will also be influenced by other metals in tk
waste and the chemical composition of the glass. Tat
4-1 presents measured solubilities of elements in silicate
waste glass. These values should be read very generally
due to the muititude of processing variations which can
affect element solubility.

Data for retention efficiencies of selected metals by 1SV
is presentedin Table 4-2. ISV isnot as amenable as other
vitrification types to manipulation of cperating param-
eters and so its retention factors give a rough estimate of
difficult metals. Forthat reason, the data presented inthis

Table 4-1. Approximate Solubility of Elements
in Sillcate Glasses (adapted trom Volf, 1984)

less than 0.1 wt%: Ag, Ar, Au, Br, H, Ha, Hg, |,
Kr, N, Ne, Pd, Pt, Rh, Rn, Ru,
Xe

As, C, Cl, Cr, 8, Sb, Se, Sn,
Te, Te

Bi, Co, Cu, Mn, Mo, Ni, Ti

Ce, F, Gd, La, Nd, Pr, Th, B,
Ge

Al, B, Ba, Ca, Cs, Fe, Fr, K, Lij,
Mg, Na, Ra, Rb, Sr, U, Zn

P, Pb, Si

between 1 and 3 wi%:

hetween 3 and 5 wi%:
batween 5 and 15 wt%:

between 15 and 25 wt%:

greater than 25 wt%:




Table 4-2. Metals Retentlon Efficiency Test Results for ISV (Hansen, 1931)

Class Metal Retentlon Efficiency, % © Scale®

Volatile Mercury (Hg) 0 Engineering

Semi-Volatile Arsenic (As) 70-85 Engineering
Cadmium (Cd) 67-75 Pilot
Cesium {Cs) 99-99.9 Pilot
Lead {Pb) 90-99 Pilot
Ruthenium {Ru) 99.8 Pilot
Antimony (Sb) 96.7-99.9 Pilot
Tellerium (Te) 50-99 PFilot

Non-Volatile Americium (Am) $9.99 Pilot
Barium {(Ba) 99.9 Engineering
Cerium {Ce) 98.9-99.9 Pilot
Cobalt {Co) 98.7-99.8 Pitot
Copper {Cu) 90-99 Engineering
Chromium (Cn) 99.9 Engineering
Lanthanum {La) 98.9-99.98 Filot
Molybdenum (Mo} 99.9-99.999 Pilot
Neodymium (Nd) 99-99.98 Pilot
Nickel (Ni) 99.9 Engineering
Plutonium (Pu) 99.59 Pilot
Radium (Ra) 09.9 Engineering
Strontium (sn 99.9-99,998 Pilot
Thorium (Th) 99.99 Engineering
Uranium {Th) 99.99 Engineering
Zinc {Zn) 90-99 Engineering

{a) Percantage of ariginal amount remaining in the malt.
(b) Engineering-scale tests invoive a melt depth of 1-2 ft.
Pilot-scale tests involve a melt depth of 3-7 ft.

table should not be regarded as precise measurements of
expected retention efficiencies. Table 4-2 also shows how
metals can be divided based on tendency to volatiiize.

4.2.1.1 Increasing the Retention of Metals

Retention of metals, if that is the treatment goal, may be
increased by a number of mechanisms. These include:

. Reduction of generated gas
. Presence of a cold cap

. Recycling volatilized metals
’ Decreasing melt temperature

. Modification of melt composition through
additives

Beduction of Generated Gases. Gases evolved during
vitrification can help carry metal particles and vapors to
the surface. Greater gas evolution results in a more rapid
movement to the surtace, decreased exposurg of the
metals to the melt, and thus, decreased probability of the
metals dissciving in the melt. Because the burning of
combustibles during vitrification produces increased
quantities of gas, gas-assisted movement of contami-
nants to the melt surface is one reason that combustibles
are of concern during vitrification (see Chapter Seven).



a
T

Retention Duning Melting,

Presence of aCold Cap. Presence of acold capincreases
the contact-time between metals and the meit and thus
increases the probability of metals dissolving in the melt.

Incold-top glass meiters, metal vaparization has tradition-
ally been sclved by the creation of a “cold-top” layer or
crust on the surface cof the melt. This layer is formed by
the incoming feed as it floats on the liquid melt, warms to
melt temperature, and eventually dissolves into the melt.
Because it is cooler than the melt, metals migrating to the
melt surface may be trappedinthe cold-top and sink back
into the melt to be possibly incorporated into the glass.

ISV can be modified to increase metal retentions by
implementing a similar mechanism. For example, in
certain ISV applications, soil may be added above the
melt to increase the amount of glass that has formed
before contacting the contaminated layer. Thisincreases
the length of contact between the metals and the glass
and increases the probability that the metals will be
incorporated into the glass. Figure 4-1 illustrates the
effect of melt depth on retention efficiencies for several
metals.

Recycling Volatilized Metals. Metals that escape the
treatment zone and enter the off-gas may be removed

from the gas stream by the off-gas treatment system
(typically removed by the scrubber solution). At this point,
the contaminants may be considered for recovery, for
recycling back to the molten glass to attain increased
retention in the waste glass, or for separate disposal.
Contaminants to be recycled may be removed from the
off-gas system component, for exampleg, by passing the
scrubber solution through a filter aid and activated car-
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Figure 4-1. Element Retention Versus Burial Depth
During Pilot-Scaie ISV Tests (Buelt et al., 1987)

bon. Contaminants can be returned to the melt to in-
crease the overalt immobiiization efficiency of the vitrifi-
cation treatment (Hansen, 1881). Contaminants to
recycled may also be recycled with the off-gas syste
component in which they were coilected (e.g., by placing
a contaminataed high-efficiency particulate air (HEPA)
filter directly into the melt) (USEPA, 1887).

Decreasing Melt Temperature. Animportant processing
variable which affects metal incorporation is melt tem-

perature. Generally, the lower the temperature at which
the melt proceeds, the lower the quantity of volatilized
metails. This is apparently because the metals are
incorporated into the molten glass before they volatilize
{Hansen, 1981).

A primary factor controlling melt temperature is composi-
tion of the incoming feed. Feeds with high quantities of
fluxing agents will melt at lower temperatures. This must
be balanced against possible loss of product durability
and the potential impact on other processing variables
(Hansen, 1991; USEPA, 1589¢).

For ISV, the development of the EFS may permit greater
control over the rate of melt advance than previously
indicated.

Medification of Melt Composilion through Additives. Tr
solubility of metals may be affected by changing i
chemicai composition of the melt. For example, reducing
agents such as carbon and ferrous salts may reduce
arsenates and selenates to lower valence compounds
that are more volatile, thus reducing incorporation effi-
ciencies of these metals {Schreiber et al., 1988).

4.2.1.2 Experience with Selected Metals
Following are selected treatment data for several metals.

Arsenic. Arsenic (As) is a semi-volatile metal which can
be difficult to incorporate into waste glass. Vitrification
has been evaluated as a BDAT by EPA for the following
arsenic and selenium {chemically simitar to arsenic) waste
streams: D-004, D-010, K-031, K-084, K-101, K-102, P-
010, P-011, P-012, P-036, P-038, P-103, P-114, P-204,
P-205, and P-336 (Federal Register, 1991).

In general, waste glass containing arsenic exhibits re-
duced concentrations in the leachate for both Extraction
Procedure Toxicity (EP Tox) and TCLP tests. Twidwell
and Mehta {1985) found that glass made from slag
containing arsenic in concentrations of 0.3 - 23.5 wt%
showed 0.007 - 1.781 mg/L of Asin the leachate (EP Tox).
Chapman (USEPA 1990a) reported that waste glac

composed of 17 mg/kg As showed <0.005 mg/l. Asinti



leachate (EP Tox). Rhone-Poulenc {USEPA, 1930a)
found that glass made from sludge containing arsenic
sulfide in concentrations of 2.0 - 2.5 wt% showed 0.5 ppm
(EP Tox) and <0.5 - 2.5 ppm (TCLP).

Arsenicis more volatile in some forms thanin others. For
example, arsenic oxide may be mere volatile thancalcium
or iron arsenates., Certain waste feeds may require
chemical or thermal pre-treatment to convert arsenic
oxide to less volatile forms before vitrification (USEPA,
1990a). Twidwell and Mehta (1985) converted arsenic
oxide {As203) in flue dust to a mixed caicium oxide
(CaziAsOa)o)via slow roasting. The calcined mixture
was dissolved in a molten iron silicate slag at tempera-
tures up to 1290°C. These results indicated that arsenic
oxide, although volatile, may be successfully vitrified.

Cesium. Cesium (Cs) is also a semi-voiatile metal. itis
common at DOE waste sites in its radioactive isotepe,
137Cs. Due to its volatility and radioactivity, 137Cs pre-
sents a difficult remediation challenge. Researchers have
studied its behavior during vitrification in tests for a
number of vitrification processes. Several of these tests
are summarized below.

The volatilization of cesium and other semi-volatile radio-
active metals has been a cencern at several potential ISV
sites, including ORNL (Spalding and Jacobs, 1989). This
cencern arses because volatilized cesium must be re-
moved by the off-gas system, which increases the guan-
tity of secondary contamination that must be handied. At
ORNL, the treatment of atypical trench would require ten
ISV settings, each of which would produce a quantity of
waste. Therefore, despite retention efficienciesof 99,.88%
in pilot-scale tests, the total waste generated over lhe
course of a trench clean-up was considered too high for
remediation goals.

The initial method to minimize 137Cs volatilization fo-
cused on adding sodium oxide {NapQ) or sodium car-
bonate (NasCOz) to the soil priorto melting (Spalding and
Jacobs, 1989). Thisreducesthe soil-melting temperature
and Cs is captured in the melt before it can volatilize.
However, bench-scale testing indicated that use of so-
dium as a flux increased gas evolution and caused
additional amounts of 137Cs to be carried to the surface.
These two mechanisms balanced and the net result was
no difierence of 137Cs incorporation in the melt, whether
or not a flux was added. As a result, recent attempts to
control cesium volatilization focus on use of the EFS to
control processing characteristics and on recycling off-
gases by placing a HEPA filter prior to off-gas entry into
the ofi-gas system. The results of a second piiot-scale
test indicated that these methods successiully curtailed
generation of secondary off-gas system wastes.

Composition of the feed may also impact retention effi-
ciencies for cesium. Early tests that prepared for use of
vitrification at West Valley studied the ability of a LFCM to
incorporate cesium. Those tests found that the predomi-
nate variable contrglling cesium incorperation was the
halogen concentration in the feed. Increased chicring
contentinthe feed decreasedthe incorporation of cesium
in the glass. Air inleakage into the melter, plenum
temperature, feed rate, and waste loading were the pro-
cessing varables examined and found not to be important
in cesium retention (Goles and Anderson, 1988).

Tests in Japan using a microwave vitrification process
also found that feed composition influenced cesium re-
tention. This research reported that the amount of vola-
tilized cesium could be reduced by haif by adding a fluxof
20 wt?% BoQOa to the feed. The B2O3 also reduced the
leachability of the waste glass (Komatsu &t al., 1530,

Atthe SRS, cesium volatifized during HLW vitrification is
scrubbed from the off-gas with a2 99.99959+% efficiency
and recycled o the melter feed (Wicks and Bickford,
1989).
4.2.2 Non-Metallic Inorganic Centaminants

Non-metallic inorganics found in waste include, but are
not limited to, cyanides, ammonia, various acids, asbestos,
radon {a radioactive gas), halogens, and oxides of nitro-

gen, sulfur, and phosphorous. These inorganics are a
concern because they may adversely impact precessing.

These non-metailic inorganics react 1o vitrfication in a
variety of ways. This is because some are compounds,
such as asbhestos and cyanides, and some are elements,
such as the halogens. Compounds such as cyanide and
asbestos decompose to their constituent molecules and
atoms and then follow the path typical of inorganics or
organics, as identified in this or other sections of this
chapter. Elements, such as halogens, form compounds
of differant types depending on melt conditions, feed
composition, and other factors. In these various forms
they may either incorporate into the glass, evolve as off-
gases, or follow other applicable pathways.

The following sections address asbestos, radon, halo-
gens, and important inorganic oxides. Other inorganics
{such as cyanides and acids) will not be addressed since
they are compounds that primarily decompose into con-
stituents and description of their behaviorwilltherefore be
redundant. Asbestos will be described in greater detail
than the other substances because it is a contaminant
widely targeted for treatment by vitrification. Halogens
and the addressed inorganic oxides are generally not the
contaminants targeted for treatment by vitrification, but



evolve as part of the treatment process and thus require
attention.

4.2.2.1 Asbestos

Asbestos is a fibrous material composed of silicates,
metals, and either water of hydration or hydroxides. For
example, the chemicalformulaforcrocidolite {blue asbes-
tos) is NaFe(SiCg)-FeSiO3-HzO. When subjected to
temperatures of 400-900°C, water is driven off and the
rest of the asbestos fibers are broken down to their
constituent molecules or atoms. The constituents dis-
solve in the melt and are ultimately incorporated into the
glass framework as the melt cools. Asbestos wastes are
particularly amenable to treatment through vitrification
because their high silicate content helps form part of the
glass network {Roberts, 1988).

in order to successiully vitrity asbestos, the vitrification
process must be capable of handling all the materials
fikely to have asbestos in them or to be mixed in with
asbestos waste. These matenals include paper, plastic,
wood, concrete, brick, steel lath, copper, aluminum, rock
wool, glass fiber, gypsum, plaster, clay, quarz, refractory
material, and other materials (Roberts, 1989).

Destruction efficiencies of asbestos are primarily con-
trolled by temperature and residence time in the furnace.
In the Vitrifix process the furnace operates at 1300°C. At
these temperatures destruction of asbestos takes 2-3
minutes. However, because asbestosis aninsulator and
a poor conductor of heat, residence lime in the melter is
12 hours. Therefore, the probability of asbestos contact
with the molten glass and its resulting destruction is
greatly increased. Furthermore, the melter has a sub-
merged throat which is not heated in any way. At
temperatures less than 1100°C glass flow through the
throat stops due to the increased viscosity of the glass.
Glass exiting the furnace is thus ensured of exposure to
temperatures in excess of those required for asbestos
destruction {900°C or less).

The product of asbestos vitrification is a dark green to
black silicate glass. Its physical properties are similar to
those of container glass, bul asbestos glass is more
chemically resistant. Because this glassis produced from
a waste stream with highly variable characteristics, it
does not have the precisely controlled properties found in
industrial glasses. However, it may possibly be used as
a hard core, or in place of the ordinary glass found in
sandpaper (Roberts, 1989).

Ashestos vitrification has been tested in both England
andinthe UU.S. and the product reported free of asbestos
fivers. Inthe Faslane site clean-up, a 5 ton/day furnace

was used to remediate “hot-spot” soils contaminated with
asbestos (Denner, Langridge, and Aftleck, 1988). In 1887
at the Dalzeil Glassworks in New Martinsville, West Vir-
ginia, a proprietary asbestos process was demonstra
for the EPA. Results of this test showed safe handling
materiais as well as an absence of asbestes in the waste
glass. Air monitoring indicated that the process met
Occupational Safety and Health Administration (OSHA)
air quality standards for asbestos fibers, both inside and
outside the materials handling area {Roberts, 1989).

Asbestos has also been incorporated in waste glass in
bench-scale ISV melts (Farnsworth, Oma, and Bigelow,
19G0).

4.2.2.2 Radon

Radon exists in rocks and soils and is spontaneously
produced by radioactive decay. Because radon is a gas,
it represents a difficuit challenge to waste treatment pro-
cesses. Vitrification is a potential option because the
glass matrix severely limits the diffusion of gases (ap-
preaching no diffusion) with atomic radil greater then
krypton (1.03 A) or xencon (1.24 A). Radon’s radius is
1.343 A, Thus, the release of radon from the vitrified
residues should be limited to that from exiernally exposed
surfaces (Sing and Swallow, 1860). Pre-existing radon will
be released during vitrification.

Results of bench-scale tests conducted on the Fernale

65 residue indicated the potential of vitrification to effec-
tively immobitize fission-product raden produced after
vitrification. The non-vitrified K-65 residue tested “hazard-
ous” by the EP Tox, and the radon emanation rate of
52,400 pCi/m2/s was over 2500 times the EPA limit of 20
pCi/m2/s. After vitrification, the K-85 residue tested
“nonhazardous” by the TCLP, and the radon emanation
rate was1.56 pCiim2/s (Janke, Chapman, and Vogel, 1981).

4.2.2.3 Halogens

Halogens of primary concern are chlorine and fluorine.
They are a concern because of their tendency to form
compounds, such as dioxins, and because of the impor-
tant ways in which they may affect vitrification processing.

Halogens exhibit tow solubility in silicate glass and may be
difficult o incorporate in the glass. However, this will vary
with halogen and glass composition. Chloride exhibits a
solubility of less than one percent, while fluoride has been
incorporated into glass up to 9 wi%. Tests onwastes from
the Weldon Spring site, Missouri, indicated that the glass
produced from seils at that site would hold no more than
5 wi% tluoride. As the waste feed held more than 5§ wi%
fluoride (about 10 wl% fluoride), additives were required*



dilute the fluoride and bring it within the solubility of the
glass (Koegler, Oma, and Perez, 1988). Cther reports
have indicated volatilization of about 50% of the fluorides
in the feed (Loewenstein, 1983).

Halogens may also enter the off-gas system. If chiorine
entars the off-gas system as hydrochleric acid (HCI) gas.
it can be removed by the spray chambers and transformed
into salts such as NaCl, CaCl,, or some other innocuous
chemical. Fluorine in the off-gases may corrcde the
melter (Bonniaud et al., 1986).

4.2.2.4 Inorganic Oxides of Concern

Primary inorganic oxides of concern include nitrogen
oxides {NOy), sulfur oxides ( SOX.)2 and phosphorous
compounds (such as PoOsg or POy

NOy and SOy will exit the melt to the off-gas system and
are regulated compounds. Ingeneral, nitrogen and sulfur
do not exhibit high solubility in silicate glass {< 2%) and
thus may necessitate treatment by the off-gas system. As
NOy and SOx are common process emissions, off-gas
systems designedto treatthem are available. Chapter Six
discusses off-gas treatment in greater depth.

Nitrogen, sulfur, and phosphorous oxides are also a
concern because of the way in which they may influence
processing. For example, PpOg increases glass corro-
siveness and glass viscosity. Both tendencies may in-
crease the cost of vitrification, afthough by different
mechanisms. Sulfur, onthe other hand, may increase the
tendency for the glass to foam, increase metal corrosive-
ness in the off-gas system, and form moiten salts in the
melt (Chapman, 1684). The decomposition of NO3 may
cause oxidizing conditions in the melter plenum and
thereby may contribute to the volatilization of iodine and
ruthenium (Smith, Nyman, and Anderson, 1830).

4.2.3 Organic Contaminants

The treatment of organics is, in one sense, a by-product
of vitrification. This does not mean that vitrification is
ineffective in lreating organics. Crganics, both contami-
nants and non-contaminants, are primarily destroyed
thermally during vitrification. Tables 4-3 and 4-4 present
organic DE's and DRE's for ISV and glass melters.
Potential fates of organics include the following: (1) de-
struction via pyrolysis or combustion, {2) removal in the
off-gas system, {3) migration to adjacent soil during the
vitrification process.

Destruction of organics occurs primarily via pyrolysis in
the melt and combustioninthe plenumorinthe secondary
combustion chamber. ideally, organics wilt degrade com-

pletely to form products such as carbon dioxide (COg2),
water, and HCI. Conditions in the plenum or combustion
chamber may often be controtled to maximize the com-
bustion of escaping organic products and the production
of the desired off-gases. Those organics and organic
by-products that still exist as contaminants are removed
in the ofi-gas system.

As described previously, organics may be released dur-
ing vitrification to the off-gas system or by migrating into
the surrounding soil. One criticism of ISV is the possibility
that organics may migrate into the surrounding soil. Ifthis
criticism is correct, ISV may potentiafly transform a small
area of manageatle contamination into a much larger
area of contamination, even if a high percentage of
organics are destroyed.

4.2.3.1 Increasing Destruction Efficiencies of Organics
Metheds to increase DE's of organics include:

+ Coldcap
. Secondary combustion chambers
. Recycling to meit

Cold Cap. The creation of acold cap increases the length
of lime organics are exposed to the melt and thus also
increases DE's via pyrolysis. As with metals, one poten-
tial method to increase organic DE's of ISV is to cover the
site with a layer of clean soil. Engineering-scale iSV tests
have shown that DE's for organics may increase from
97% (when the contaminated soil is not covered with a
layer of clean soil) to greater than 99.98% when an
uncontaminated layer of soil is placed over the contami-
nated site (Buelt, Timmerman, and Westsik, 1989).

Secondary Combustion Chambers. Control of conditions

in a secondary combustion chamber orinthe plenum may
increase organic DE's. Forexample, inearlytests, Retech’s
PCR produced unacceptable levels of carbon monoxide
(CO). By increasing the quantity of oxygen (Op) in the
secondary combustion chamber, organics in the off-
gases burned more completely and COg was produced
instead of CO (Eschenbach, Hill, and Sears, 1989).

Recycling fo Melt. Finally, as with metals, organics that
are not destroyed but that are captured in the off-gas

system may be recycled to the melt to increase DE's.
They may first be removed from the off-gas component
which captured them or the organic contaminants may be
recycled intact with the component.



Table 4-3. 1SV Organic Destruction and Removal Efficlencles{The Hazardous Waste Consultant, 1990b)

Initial Total DRE
Concentration Percent (including off-gas
Contaminant (ppb) Destruction removal)
Aldrin 113 >97 >99.89
Chlocrdane 535,000 99.95 >89.999
DDD,DDE.DDT 21-240,000 99.9-99.99 >89.999
Dieldrin 24,000 98-99.9 >89.99
Dioxing >47,000 99.6-99.99 >89.9999
Fuel Qils 230-11,000 >899 »>39.999
Furans >9,400 99.9-99.99 >$3.9989
Glycol NA »90 >89.99
i Heptachlor 61 98.7 >89.99
i MEK NA >99 >99.999
PCBs 19,400,000 99.8-99.93 >88.8999
Pentachlorophenol >4,000,000 99.995 »>89.99999
Toluene 203,000 899.996 »89.99599
Trichlorcethane 106,000 99.995 >08.99999
Xylenes 3,533,000 99.998 >89.99999

Table 4-4. Demonstrated Organic Destruction Efficlencies for Vitrification Systems’

°C for 99%
Destruction in
. Compound 2 Seconds Measured DE (%)
Hydrecyanic Acid 482-866 NA
Chlorobenzene 482-866 99.99986
Formic Acid 318-368 NA
Phosgene 427-479 NA
Methylene Chloride 427-479 »89.9995
Phenol 374-421 §9.99992
Acetone 374-421 >59.9995
Isodrin 374-421 >§6.9998
Ethanol 374-421 99,9995
Mustard Gas 318-368 NA
Nitrogen Mustard 318-368 NA
Carbon Tetrachoride 318-368 99.99988
Aldrin 318-368 99.58994
Dieldrin 318-368 99,9995
Sulfoxide 218-3186 >09.99
Endrin 38-160 >89.998
Dithlane 182-213 >59.96
Sulfone NA >89,995
Xylenes NA 99.99817
DIMP NA >59.8
DMMP NA >99.8
ACN NA 99.99996
AN NA 99,9994

'Data collected from Armstrong and Klingier, 1885; USATHMA, 1888, Klingler and Abellera, 1989,




4.2.3.2 Contaminant Migration During ISV Treatment

As mentioned, one important question concerning ISV is
whather contaminants migrate into the adjacent soii dur-
ing treatment. This question is examined in general
fashionbalow viathe prasentation of key empirical studies
and a theoratical model. This question may alsoc need to
ke addressed for a specific site via bench- and pilet-scaie
tests prior to implementation of ISV at that site. While this
question applies primarily to organics, some volatile and
semi-volatile inorganics, such as mercury, may require
consideration.

Empirical Data. Numerous tests have failed to demon-
strate significant contaminant migration during 1SV
(Campbell and Buelt, 1890: Campbell, Timmerman, and
Buelt, 1880; Farnsworth, Oma, and Bigelow, 1890; Landau
Associates, 1891; Timmerman and Peterson, 1990). Fer
example, an initial engineering-scale test was conducted
to address the question of organic migration. The soilsin
this test were contaminated with 500 ppm of PCBs.
Results indicated that process destruction of PCBs was
slightly greater than 99.8%. After off-gas treatment, the
system DRE was >89.9999%. Analysis of the vitrified
block showed no residual PCBs; considering the pro-
cessing temperature, the data are reasonable. The soil
adjacent to the vitrified area was also examinedfor PCBs
but only limited quantities were detected (a maximum of
0.7 ppm of PCBs). These data were interpreted to
indicate that the soil vitrifies faster than the PCRBs diffuse
and that for this reason they are unlikely to migrate from
the vitrification zone during processing (Buetlt, Timmerman,
and Westsik, 1989},

The movement of organic chemicals has also been ex-
amined through mass balance studies. A water mass-
balance study indicated a net migration of water into the
vitrification and off-gastreatment zone (Buelt, Timmerman,
and Westsik, 1989). In this study, researchers estimated
that 33,800 liters of water were in the soil. Negative
pressure under the hood withdrew another 8,000 liters of
water from outside air. The amount of water leaving
through the stack was estimatedto be 47,500 liters. From
this latter figure, 5,100 liters was subtractedto account for
the water lost from the scrub lank in the off-gas system.
The final balance was equivalent to 42 800 liters of water
prior to vitrification and 42,400 liters of water exiting the
off-gas system. The indicated net migration of water into
the vitrification and oif-gas treatment zone suggested at
least pantial movement of organics toward the melt, rather
than migration from the melt. Another ISV test was
performed on arsenic and mercury contaminated sludges
from the M-1 holding ponds at Rocky Flats, Colorado
(Jacobson and Mears, 1891). Amassbalance conducted

for this test failed to account for 37.5% of the arsenic and
53% of the mercury originally in the test chamber.

Thegretical Model. In addition to the empirical data
presented above, geochemical and soil chemistry
mechanisms have been presented to identify possiblz
contaminant behavior in soil adjacent to the melt. Pre-
sented below is a brief summary of a theoretical medel of
contaminant migration (Dragun, 1891).

Seven soil mechanisms impact contaminant migration
during ISV:

. Concentration diffusion

. Gaseous convaction

. Thermal diffusion

. Chemical reaction acceleration
. Pressure diffusion

- Capillary water migration

’ Adsorption of water and chemicals onto soil
particles surfaces.

Dragunargued thatthese mechanisms function differently
in the five soii zones surrounding an ISV meit. Dragun
hypothesized that, during ISV, the following soil zones
form and remain in quasi-equilibrium; a melt zone {of
molten glass), a pyrolysis zone {(where organic destruc-
tionisinitiated), a heat affected zone (where soil moisture
is vaporized), a transition zone {where soil is heated from
ambient temperatures to 100°C), and an ambient soii
zone {of normal soif cenditions).

After examining the mechanisms and the way in which
they functioned in the five soil zones, Dragun argued that
the net direction of organic contaminants would be foward
the melt and ultimate destruction and not away from the
metlt to spread contamination.

4-11



CHAPTER FIVE

PRODUCT CHARACTERISTICS

The characteristics of the wasle-glass that vitrification
procuces are among the primary reasonsthatthis process
is considered as a way of treating hazardous waste. This
product is typically a dark-colored, glassy substance, but
crystalline or non-vitrified material may also be presentin
the product.

This chapter describes the varicus components of waste
¢giass durability, the volume reductions accompanying
vitrification, and potential uses of the product glass.

5.1 Product Durability

Product durability is associated with important chemical
and physical properties of waste glasses. These proper-
ties are closely interrelated and result from the structural
characteristics of glass as described in Chapter Two. This
section discusses these properties under three sub-sec-
tions: chemical immogilization, physical durability, and
devitrification {i.e., the formation of a crystalline phase in
a glass). In a fourth sub-section, estimations of waste
glass’s long-term stability are presented. Such estima-
tions are important because the long-term durability of
waste glass over geological time spans has not been
directly measured.

5.1.1  Chemical Immobilization

The single most important characteristic of waste glass is
chemical immobilization, or the ability of the waste glass
to resist leaching of the immobilized contarinants when
comtacied by water or other liquids. Without this charac-
terislic, the cost of vitrification is most likely not justified;
similar destruction efficiencies may be achieved using
other processes. Furthermore, itis because of the chemi-
cal durability of waste giass that it may potentially be used
and re-used in a variety of applications.

Although everyday experience suggests that glasses are
duratle, all glasses do leach to some degree. For
example, recent experiments with lead crystal have shown
elevated lead concentrations of up to 21,530 ug/l in wine
and brandy that was stored in lead crystal decanters from

"

six months to five years (Graziano and Blum, 1991). This
value is well above the maximum value of 50 ug/l allowed
by EPA in drinking water. Additionally, elevated lead
levels (mean of 68 pug/l) were identified within one hour in
wing pouredintolead crystalglasses. However, this does
not address directly the leachability of waste glass: 'zad
crystal contains 24-32 wi% lead oxide (PbCj, significantly
higher than values commonly found in waste glass.

The chemical durability of waste glasses has been
evaluated for a wide variety of glasses, wastes, process-
ing types, and storage conditions. In addition, tests have
indicated that non-glassy by-products of vitrification (i.e.
metal wastes and devitrified or crystaliine wastes) may
also demonstrate high contaminant immacbilizaticn.

Leach Tests of Waste Glasses. Waste giasses have been
subjected 1o numerous leach tests. These tests include
the 24-hr Soxhlet Leach Test, the 28-Day Matertals Char-
acterization Center Test (MCC-1), the EP Tox, the TCLP,
and the method used by the international Atomic Energy
Commission (IAEC) (Buelt et al., 1987; Komatsu et al,,
1990). Results generally indicata leach rates below the
levels set as acceptable by the EPA. Sample leach rates
for selected metals are presented in Table 5-1. Based on
the results of EP Tox and TCLP tests conducted thus far,
itis likely that waste glass may be below regulatory lavels
under the provisions of these tests.

One cautionary note conceming leach rates: low leach
values of the product do net necessarily indicate chemical
immobilization; they may indicate failure to incorporate
the metal of concern into the waste glass. For example,
mercury may volatilize during vitrification and fail to be
incorporated inthe melt. lfthis happens, low leach values
for mercury may be more indicative of the particuiar
process's difficulty in incorporating mercury into glass
than of a leach resistant glass. Therefore, for volatile
contaminants, a mass-balance may needto be performed
to fully address the chemical immobilization afforded by a
particular glass.

The leach rate of ISV waste glass was compared with the



Table 5-1. TCLP Leach Data for Selectied Processes and Selected Metals®

1
Glass Kiln/Vitritication isv ISV TCLP
Metal Meiter' Process®® Glass?® Metal** Limits?
Arsenic <0.02 <0.01 <5 <5 5.0 v
Barium <0.05 <0.175 0.05 <1 100.0 |
Cadmium 0.007 0.¢15 <1 <1 1.0 |
Chromium 0.03 0.825 <1 27 5.0
Lead <0.05 0.15 <1 <1 50
Mercury <0.0002 0.00035 <0.03 <(.03 g2
Silver <0.01 0.01 <01 <0.1 5.0
'in ppm
%in mgy/l H
iPenberthy Electromelt International, Inc., vendor information ‘
®Harlow et al., 1989 ;
sFamsworth, Oma, and Bigelow, 1950. |
* As original contaminant concentrations and process DRE's were not always supplied, this leach data is not |
directly comparable. This data is presented to show that, in general, vitrification products pass TCLP limits.

leach rate of other durable glasses using data from the
Soxhlet Leach Test. Results indicated that the leach rate
of the ISV waste glass is significantiy less than that ot
marble or bottle glass and is comparable to Pyrex glass
and granite (Buelt et al., 1987). Figure 5-1 presents this
comparison.

Leach Tests of Non-glass Waste Forms. In additionto the

leaching of waste glass, the leaching of non-glass waste
forms has been studied. Non-glass waste forms produced
during vitrification include crystalling material mixedinthe
product and the metal that may setile to the bottom of the
melter or molten region.

Researchers at ORNL have comparedthe leachingofthe
crystalline-phase 1SV product to the glass-phase 1SV
product. Results from afield demenstration indicated that
avery element tested, with the exception of Cs, was more
extractableinto 0.1 normal HClfromthe crystalline phase
thanfromthe glass phase, but generally by a factor of less
than 10. Although the absolute magnitude of the concen-
trations of the elements released by acidic extraction is
not directly comparable with the release rates under
environmental conditions, it does support the conclusion
that most elements will be more susceptible to leaching
from the crystalline phase than from the giass phase in
these systems {Spalding and Jacobs, 188%). This conclu-
sion is supported by research for both commercial and
defense nuclear waste glass. Under most conditions,
leachability canincrease after samples are devitrified, but
this increase is generally less than a factor of 10 {Wicks,
1585).

™

The metal procuct formed from the pooling of metal at the
bottom of an ISV glass monolith has also been leach
tested. The metal product from bench-scale tests on
simulated wastes in idaho National Engineering Labcra-
tory (INEL) soils indicated that it would pass the TCLP.
These tests included arsenic, barium, cadmium, chro-
mium, and silver in the melt (Farnsworth, Oma, ar
Bigelow, 1990). The metalingotformedfrom anengine
ing-scale test of 1SV of a UST passed the EP Tox for the
8 metals tested: arsenic, barium, cadmium, chromium,
lead, mercury, selenium, silver {Campbell, Timmerman,
and Bonner, 1990).

Toxicity Tests of 1SV Waste Product. EPA compared the
leachability of chemically-stabilized soil and vitrified (ISV)

soil in treatability studies for the Western Processing

PYREX :]
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SOXHLET CORROSION RATE, gfcm?-d x 10%

Figure 5-1. Leach Resistances of Selected Materials
(Buelt et al., 1987)



Superfund Site. Inthis study, eluates were prepared from
untreated scil, soil stakilized by three chemicai stabiization
processes, and vitrified soil. They were then compared
for metai releases and toxicity effects on algae and an
invertebrate. Results indicated that chemical stabilization
increased toxicity 10 bath organisms. In contrast, testing
of the vitrified soil indicated Lhat vitrification recduced
toxicity to the algae, with no foxicity to the invertebrate,
The researchers concluded that the stabilization tech-
niques were inappropriate for the Western Processing
Superfund Site, butthat vitrification was appropriate (Green
et al., 1988).

WIPP In Sity Testing Program. The durability of nuclear

waste glasses over time in the storage repository is an
impertant consideration in decisions concerning g¢lass
composition, packing materials, and container materials.
Tha first in situ tests involving burlal of simulated HLW
forms conducted inihe United States were started on July
22, 1986. These tests are being conducted at the Waste
Isolation Pilot Plant (WIPP) near Carisbad, New Mexico.
This effortis known as the Materials Interface Interactions
Tests (MIIT) and is international in scepe. The MIT
program is a joint effort managed by Sandia National
Laboratorigs in Aibuquerque, New Mexico and the Sa-
vannah River Laboratory (SRL) in Aiken, South Carolina
and sponscred by DOE. In the MIT tests, multiple
nonradioactive waste glass sampiles were placed in brine
and salt in an underground test facility under conditions
simulating those in a salt repository. Included in these
tesis were over 900 waste forms comprising 15 different
systems supplied by 7 different countries. In addition to
the waste glass samples, 300 potential canister (or
overpack) metal specimens and 600 backfill and sait
geologic samples are being tested {Wicks and Molecke,
1986; Wicks et al., 1990).

While the lotal program was scheduled to run 5 years,
samples and aliquets of solution were removed and
studied after 0.5, 1, and 2 years. Preliminary results
indicated that the SRL waste glass system SRL 165/TDS
pertormed well in the salt environment at WIPP and was
not significantly affected by proposed canister oroverpack

metals. Leach data indicated that the rate of dissoiution
decreased with increasing time. in addition. selective
leaching appeared to be the main leaching mechanism.
The leaching process was characterized by the formation
of two pracipitate layers over three glass interaction
zcnes that coniribute 1o protecting the glass from further
leaching with time. Additional results will correlats the
results of the SRL system with differing glass systems of
other countries and provide additional details on the
teaching mechanisms involved (Wicks et al., 1990).
5.1.2 Physical Durability

Waste glasses produced by staged ISV and JHCM vitri-
fication were compared for their compressive and tensila
strengths and found o be very resistant to fracturs into
srmalter pieces (Koegleretal , 198%). Thewasteforthese
tests came from tha raffinate sludges at Weldon Springs.
Migsouri. These glasses were produced from prediciad
waste streamcornpositions given bench-scaletestresults,
and their strength performances are presentad in Table
5-2. Two formulations of ISV waste glass wers tested
based on alternative ISV impiementaticn plans. As the
data shows, the vitrification processas tested had similar
strength characteristics. The compressive and tensile
strength of concrete is includedfor comparison. Fromthis
comparison, it can be seen that the strengths of waste
glasses range from 5 to 20 times that of concrete.

The impact resistance of partially devitrified and glassy
wasta giass systems was studied at various temperatures
and impact velocities for both small and larger scale
sampies at PNL and SRS. Results indicated that for
extreme-case scenarios simulating a high-speed train
impact at 80 mph, the fracture of glass was localizedto the
areaof impact. Furthermore, the surface areaofthe giass
inthe canisters was limitedto anincrease of about afactor
of 40. No majordifferences were observed between small
and large samples, nor between glassy and partially
devitrifted products.  Finally, the amount of particles
smalier than 10 um produced after impact was smail.
Minimizing the production of particles of this size is
important because they are potentially dispersible via air
currents (Wicks, 1985).

Table 5-2. Strength Comparisons of Waste Glasses Produced by ISV and a JHCM (Koegler et al., 1989)

Source of Waste Glass

Compressive Strength {psi)

Tensile Strength (psi)

ISV (50% sludge/50% soit)
ISV (20% sludge/10% soil/70% liner)
JHCM

Unreintorced Gencrete

59,350 4,410
43210 4309 |
43,210 4,300 1
3,000 - 8,000 400 - 800 .
!




Impact resistance studies were also conductedat Argonne
National Laboratary for impact gnergies up to 10 Jicm3,
The amount of dispersible fines produced was very
similar to the amount of fines produced after impacting
common industrial glasses such as Pyrax (Wicks,1985).

5.1.3 Devitrification

Devitrification is the formation of a non-glassy, crystalline
structure in the waste product. Devitrification may occur
during cooling of the molten glass. Devitrification may
also occur after the glass has cooled if, for some reason,
the amorphous glass structure crystallizes. The degree
of crystallinity and crystalline phasesthat may be produced
depenrd on factors such as the specific cooling rates,
sizes of the forms, and the physical and chemical compo-
siticn of the wasie-glass.

Azsuming a! the melt nas a chemicai composition
appropriate for glass formation, devitrification during
cocoling may be caused by slow cooling and subsequent
nucieation growih. Slow cooling increases the likelihood
that a crystailine structure can form before the amor-
phous struciure “freezes.” Fast cooling minimizes devit-
rification by ‘Yreezing” the amorphous structure of the
molten glass into a solid. As a result, because large ISV
melts cool more slowly, they may have higher concentra-
tions of crystalline structure than monoliths arising from
smaller melts, Furthermore, devitrification will most ikely
occur in the center of the waste glass due to slower heat
lcsses there (Means et al., 1887, Jantzen and Bickford,
1985). Rapid cooling of the molten glass past the anneal-
ing range may reduce devitrification quantities in wastes
where thig is a concern {Wicks, 1985, 1988).

it reheated, glass may also devitrity after it has hardened.
This is particularly a concern for nuclear glasses, as the
radioactive decay process may generate additional heat
In the glass. Temperatures in the waste glass may be
reduced by adding less radioactive waste to the glass or
by using aged waste. However, the storage temperature
of defense waste glass will generally be less than 100°C,
and devitrification occurs at temperatures above 500° C.
Furnthermore, as indicated above, even if devitrification
increases waste glass leaching, data indicates this wiil
stili be at acceptable levels (Wicks, 1985).

5.1.4 Estimation of Long-Term Durability
Because the long-termdurability of waste glasses has not
been direclly measured, estimates of long-term durability
areveryimportant. Naturalglasses, such ascbsidianand
basalt, and durable synthetic glasses, such as Roman
glasses, give some idea of the potential durability of
waste glasses. However, there is a wide range in their

measured durability, from millions of years for the natural
glasses 1o the several centuries demonstrated so far for
the synthetic glasses. Furthermorg, the fact that glasse«
in general may last a long time deces not mean the
particular waste glass will iast as long. Nordcesit pen.
guaniitative predictions of the expected durability of the
specific waste glass (Jantzen, 1388).

To address these concemns, two different methods have
been used 1o predict waste glass performance: kinetic
medels and thermodynamic models. Kinetic models
mathematically describe the processes that affect the
leaching behavioref aglass: ionexchange, diffusion, and
the formation of protective layers. Kinetic models describe
the leaching behavior of a glass over time and indicate
that waste glasses should be very durable. Some of the
components of a kinatic modet are described in Chapter
Two. However, Kinetic madeals cannot identify which of
several glasses is predicted ¢ be most duraole (Jantzen,
1988; Wicks, 1985).

The thermodynamic approach is based on the werk of
Newton and Paul (1880). They found a tlogarithmic
relationship between the free energy of hydration of
glasses and measures of reaction progress, such as K20
release from the glass, and “loss of thickness” of a glass,
measured in millimeters lost per century {Jantzen, 1988).
The free energy of hydration of a glass is estimated by
summing the known free energies of hydration of tt
oxides, such as SiO2, which compose it. This summ
value can then be compared with the free energy of hy-
dration of glasses known to be durable. Using this
method, the durability of the most durable nuclear waste
glasses was estimated to be comparable to that of natural
glasses millions of years old. The durabiiity of the least
durable nuclear waste glasseswas estimatedto be similar
to that of Medieval glasses with an expected favorable
durability of at least 1,000 years {Jantzen, 1988).

The thermodynamic model has been used to develop the
guality assurance plan for the production of nuclear
glasses at the DWPF at the SRS. By estimating the free
energy of hydration of the incoming feed prior to vitrifi-
cation, anestimate ofthe quality of the waste glasscanbe
made. This is done by comparing the free energy of hy-
dration of the feed with the hydration free energy of the
benchmark glass used in the National Environmental
Policy Act (NEPA) processforthe DWPF (USDOE, 1982).
If this comparison indicates that the feed will produce a
low-quality waste glass, itis moditied to improve expected
perlormance. This comparison is carefully evaluated
using a statistical system designed to account {or variabii-
ity in sampling, analyses, progcessing, and iree energy/
waste glass durabiiity relationships (Postles and Brown,
1992).



The long-term durability of ISV glass has also been
calculated. This was accomplished by estimaling the
leaching behavicrof ISV iora 1,000-year period basedon
the leach results of the MCC-1 test. These results were
then compared with the leaching of obsidian aver 1,000
years. Given the similarity in leaching behavior over
1,000 years. and given the structural similarity of 1SV
glass and obsidian, the ISV glass was estimaled to have
a durability similar to eoksidian, on the order of 1,000,000
years (FitzPatrick, 1986; Buelt et al., 1887).

5.2 Product Velume Reductions
and Densities

During vitrification, the incoming waste is generally re-
duced invoiime and ingreasedin density. This reduction
in volume is the resuit of the vagorization of void gases,
the vaporization of walerin the feed, and the combustion
of organic materials presant in the feed.

Volume reductions include: 25-45% for 1SV; 70 - 80% for
glass melter vitrification of incineratcr ashes; 90% for
glass meiter vitrification of asbestos wastes, and 98-
99 5% far microwave meflter vitrification of tiquid and
sludge wastes. Obvicusly, volume reduction values will
vary widely with waste feed. As wateris vaporized and
organic components are destroyed, waste {eeds with
high moisture contents and/or high organic content will
likely have greater volume reductions than thosa without.
The volume reduction during an ISV melt results in a
depression at the treatment site which may be filied with
¢lean soil or other fill.

The density of vitrified preducts ranges from 2.3 10 3.0 ¢/
em3. The ISV product has been measured at 2.3 {0 2.65
g/emS (Bueltetal., 1987), while ex situ vitrification products
have been measured at 2.7 to 3.0 g/cm3 (Komatsu et al.,
1990). Differences inthe densities appearto be duetothe
increased control which operators have over the ex situ
methods. However, all values are well above the densi-
ties of 0.7-2.2 g/em3 measured for stabilized/solidified
products (Stegman, Cote, and Hannak, 1988}.

5.3 Product Use

Potential uses for melter glass include aggregate, glass
wool, and other ceramic products. In general, given the
variation present in most waste streams, making a con-
sistent, sophisticated glass product fromwaste glass may
prove difficult (Roberts, 1989).

Depending on how the molten glass is treated, different
products may be formed from the product. If the molten
slagis pouredinto water, the glassshattersasitcoolsand

a glass frit is formed. This frit may possibly be used asis
for aggregate in road building, or for abrasive materials
such as sandpaper, shot blast, or grinding media (GRI,
1989; The Hazardous Waste Consultant, 1990a). The
size of aggregate pellets may be controlled by varying the
speed of the screw conveyor into which the molten glass
is poured (Harlow et al., 1989).

If the molten glass is spun as it cools, glass fibers will be
formed which can be used as mineral wool or glass waol
for insulation or in other ways (Vaux, 1988; Hnat et al.,
1990a).

Potentially, the waste glass may also be molded or
reformed and used in the production of architectural
materials (such as wall and fleor tiles, patio stones,
mosaics, sinks, tubs, and countertops) or refractory ma-
terials {such as high-temperalure bricks and cther insy-
lating materials) (Roberts, 1583, The Hazardous VVase
Consuitant, 1990a).

The ISV monolith has several potential uses, including
building foundations and subsurface barriers. Subsur-
face barriers would prevent groundwater and biclogical
organisms from moving into or cut of the contaminated
area. Thus, the contaminants would be isclated fromthe
ecosystem and the site spared the need for further
treatment (Shelley, 1990; Buelt et al., 1987).



CHAPTER SiX

OFF-GAS TREATMENT

Off-gases frem the melt may contain volatilized metals
and other inorganics, undestroyed organics, by-products
trom the pyrolysis of organics, and other chemicals of
concern. Discussionof off-gases addresses three areas
in this chapter: potential off-gases of concern, pdtential
impacts of off-gas constituarts. and potantial controis
aimed at minimizing undesired off-gases.

6.1 Off-Gas Components

Off-gases are composed of inleakage air, water vapor,
chemical decomposition products (e.g., CO,, H,O, and
HCY, and entrained paniculates, as well as volatilized
inorganics.

Inleakage air comes from leaks inthe melter that permit air
to move into the melter, The primary source of inleakage
airis the airthat enters the furnace with the feed material,
Other factors, such as age of the equipment, may also
contribute to leaks. Inieakage airis a cencern because it
may create convection currents in the plernum that may
entrain particles and contaminants from the cold crust.
These particles complicate off-gas treatment (Hoiton st
al,, 1988).

Water is vaporized in the plenum by contact with the melt
as the feed is rapidly heated by the high temperatures
there.

Depending on the feed material, the products of decom-
position may form a significant component of the off-gas
system. Feed material with high quantities of combus-
tibles, concrete, and/or other gas-producing materials
may produce significant amounts of gas in the melt {Buelt
et al., 1987). The significance of these gasesis that they
may form an important pathway for the movement of
inorganics out of the melt (carrier gas transport). There-
fore, high quantities of gas-producing materials may re-
sult in the need for an effective ofi-gas system.

Entrained particles may be produced from the feed dust
(Koegler et al., 1389). They also may be produced at the
high temperatures of vitrification from volatile glass com-

ponents (Bonnioud et al., 1988). Again, these may serve
ascarriers{oravarety of contaminants such asinorganics
and PCBs (Battey and Harrsen, 1887). Entrainad losses
represent a physical loss mechanism {Gelas and Ander-
son, 1887).

Volatilized inorganics are a concern because ihey are
often represented by the contaminants that are soughtto
be controiled. The difficulty inincorporating these in the
melt has already been described (Chapter Four} and will
not be repeated here.

6.2 Constituents of Concern

Classes of constituents that are commonly controlled
during vitrification include the following:

. metals - volatile and semi-voiatile
. organics

. particulates

. sulfates and sulfur oxides (SO,)

. nitrogen compounds (NO )

. carbon monexide (CO)

. hydrogen halides and halogens

These compounds are of concernfor a variety of reasons.
Metals and organics represent the very contaminants
which treatment by vitrification is attempting to control.
Particulates function as an important pathway in carrying
contaminants from the melt and through the off-gas
system. Sulfates and sulfur oxides, nitrogen compounds,
and COmay be produced during the vitrification process
and represent air pollutants which must be controlied.
These compounds also may cause corrosion of the melter.
CO is characteristic of incomplete combustion and may
indicate that greater processing contrels need to be
exercised in the plenum or secondary combustion
chamber. Halogens such as flourine and chlorine are
difficult to incorporate into the melt and may also corrode
the melter if they evolve as off-gases.



6.3 Means of Off-Gas Control

There are a number of methods availatle to control off-
gas emissions. These may be broken down into two
strategies: reducticn of emissions to the off-gas system,
andtreatmentof evolved off-gases. These strategiescan
be grouped as follows:

Reduction of emissions:

« modification of the feed
- presence of a cold cap

« control of the environment in the secondary
combustion chambers

« recycling of contaminants captured in the
off-gas system

Treatment of evelved off-gases:

» operating with negative pressure
» design of the off-gas treatment systems

6.3.1 Reduction of Off-Gases to Off-Gas System
Reduction of off-gases forms an important means of off-
gas control. Numerous methods permit control of off-
gases at the source of production.

Modification of the Feed. Feed medifications may include
adding maierials to or removing materials from the waste
before melting. For example, fluxes may reduce volatil-
ization of ingrganics by permitting melting at lower tem-
peratures. Melting at lower temperatures decreases the
percentage of particles that receive enough energy to
volatilize. These particles may then be removed as the
glass is tapped before they volatilize. However, addition
of fluxes may change the character of the melt and
increase volatilizationin otherways. Forexample, bench-
scale test for ISV application showed that scdium car-
bonate additions reduced melt temperature, but caused
no net decrease in cesium volatilization because in-
creased gas evolution resuited in increased cesium en-
trainment {Spalding and Jacobs, 1989).

Modification of feed may alsc change the chemistry ofthe
melt and potentially increase retention efficiencies. For
example, research has indicated that high mercury con-
centrations and/or high halogen contents may increase
cesium volatilization, aithough by different mechanisms
(Goles and Anderson, 1986). Reducing agents such as
carbon and ferrous salts may reduce arsenates and
selenates to lower valence compounds that are more
volatile, and thus reduce incorperation efficiencies of

these metals (Schreiber, 1988). It possible, constituents
that decreage incorporation may be removed, or, at least,
not added.

Presence of a Cold Cap. The cold cap helps minimize .
volatilization of contaminants because it hoids them in
contact with the meltuntitthey dissolve or decompose. As
mentioned in Chapter Four, studies done with ISV have
shown that increased cap widths over the molten scil
increase metal retention.

ntrel of virgnmentin th n m ion
Chambers, Combustion of non-pyrolyzed organics and
pyrolysis by-products occurs in the plenum or in the
secondary combustion chamber. Control of conditions in
these locations helps ensure complete combusticn and
thus reduces €O emissions and other products of in-
complete combustion. One common methoed of modifying
the combustion envirgnment is to increase the flow ¢f air
or oxygen to these locations, ensuring the presence of
adequate oxygen supplies for the combustion of all
combustibles.

ling of ntaminan red in th ff-
System. A number of methods exist to recycle off-gas
constituents to the melt. [n one sense, these could be
considered a treatment method for off-gases produced,
because most recycling methods involve capturing the
constituent of concern in the off-gas and then returnin-
to the melt. However, in this chapter recycling will
considered a type of off-gas reduction methed, because
itreducestotal emissions of aparticularoff-gas constituent
by increasing retention efficiencies.

The coldcap {“cold” relative to melttemperatures)is afirst
line of recycling, Here, volatilized contaminants and other
materials may condense and fall back into the melt, thus
increasing retention efficiencies. This method has been
used in the glass melting industry o avoid losses of
expensive materials, but also has potential for waste
treatment.

Contaminants that leave the melt chamber and enter the
off-gas system may ke recycled aflerthey are capturedin
the off-gas system. Captured contaminants may be
recycled by removal from the off-gas system component
inwhichtheywere captured(e.g., by passingthe scrubber
solution through afilter aid and activated carbon) (Hansen,
1991), or by placing the off-gas system component in
which they were collected directly into the melt {e.g., a
contaminated HEPA filter). This form of recycling the off-
gases is a very powerfui tocl for increasing retention
efficiencies. Repeated recyciing of oif-gases may aven-
tually drive retention efficiencies close to complete incor-



poration. However, repeated recycling may also in-
crease processing complexity, total treatment lime, and
Costs.

All vitrification processes are amenable to recycling in
some way or another. Ex situ processes may be morg
flaxible to recycling options. However, ISV is also ame-
nable 1c recycling. Forexample, at the 1891 CRNL pilot-
scale test, a AEPA filter was placed at the junction of the
hood and the ductwork carrying off-gases to the off-gas
system. This HEPAfilter reduced Cs emissions to the off-
gas system and simplified off-gas treatment (Spalding et
al.,, 1891). This filter could potentially be droppedinto the
meit close to power termination. Recycling may also be
achieved at a subsequent SV melt by placing secondary
wastes from the pravious meit inte the scil at the second
site before starting the melt. For example, pulsed periodic
backliow through the HEPA filter could be used io flush
contaminants from the fiiter. The flushed particulates
could be dropped directly into the melt, or they could be
deposited in a shielded container and buried at the next
ISV site. The filter itself could also be unloaded, placed
in a shielded container, and buried at the next ISV site.

6.3.2 Treatment of Evolved Off-Gases
Contaminants that have entered the off-gas stream will
need to be removed. These contaminants may be
recycled as described above, ordisposedof as secondary
wastes. If the contaminants contain valuable metais
{such as mercury), they may possibiy be recovered and
sold. This section is concerned only with ensuring that
gasesin the off-gas system do not enter the environmeni
before contaminants have been removed.

QOperating with Neqgative Pressyre. Operating the entire
process at negative pressure is the first step for ensuring
that contaminants do not enter the atmosphere. How-
ever, treating wastes with high amounts of crganic wastes
may produce enough gases to overwhelm the negative
pressure in the off-gas system.

Two intermediate field tests of ISV were conducted at
INEL inthe summer of 1990 to examine the applicability
of ISV to buried waste, potentially a major source of
combustibles {Callow, Thompson, and Weidner, 1991).
For these tests, pits were dug and filled with drums and
boxes to simulate waste burial sites at INEL.

In the first of these tests, gas releases from containers
resulted in 14 separate events, characterized by sharp
temperature increases and/or pressure spikes in the
hood. The pressure spikes were the result of either
relatively slow gas releases from the melt, or relatively

slow expansions of gases in the hood that occurred over
a 10-to 30-second period. The pressure spikes were nct
rapid and therefore not characteristic of an explosive
reaction. The intermediate-scale ISV system was unable
to contain transient pressure spikes on several ccea-
sions. In cases where the pressura did not excead 11in.
of water, the gasses were contalned within the surgs
voiume of the hood and subsequently drawn out o the
off-gastreatment systemns. Whenthe pressure exceeded
1in. of water, the hood was able to handle the pressure
spike by refieving a portion of the excess gas through the
HEPA-filtered pressure relief system. In extreme cases,
when the pressure significantly exceeded 1 in. of water,
the gas overcame the surge and pressure relief capacity
of the hood and was releasedthrough any available point.
including the base of the hood and through unsealed
panel seams,

In the second intermediate field test, overburden was
placed over the melt and the electrodes and EFS were
slightly modified. These changes reduced the strength of
the transient pressure spikes and the second test suc-
cessfully avoided the problems associated with the first
test.

Design of the Of-Gas Treatment System. Off-gas sys-
tems may remove particulates, recover heat and ceol oif-
gases, neutralize acid gas, and remove water vapor.
Components used to achieve these objectives include
scrubbers, filiers, spray chambers, spray channels,
baghouses, and others. The off-gas systems of selected
vitrification processes are presented in Table 6-1. Table
6-1 does not evaluate the etiiciency of selected pro-
cesses; it simply represents off-gas systems used in
vitrification. Depending on site conditions and treatment
goals, selection of an off-gas system may vary.

One cencern of efficient off-gas treatment is the location
of secondary waste inthe off-gas system. The resuitofan
ISV pilot-scale radioactive test will give some idea of how
contaminants may behaveinthe off-gas system. Thistest
was performed on {ransuranic-contaminated soil from a
storage crib at Hanford (Timmerman and Oma, 1984). In
addition to the transuranic ¢ontaminants, mixed fission
products of 137Cs, 106Ry, 90sr, and 80Co were added
to the contaminated soil in order to study their behavior
during an ISV melt. Table 6-2 presents the distributicn of
the material released from the melt to the off-gas system.
While a small fraction of the ofi-gas fission products (3%)
reached the primary HEPA filter, there were no fission
products on the second-stage HEPA filter or in the stack
samples taken downstream of the filters. The scrubbers
accounted for removal of 65% to 92% of the radionuclides
released to the off-gas, as indicated by the distribution of
the radionuclides in the two scrub solutions.



Resuits fromprevious non-radioactive tests had indicated
that the average mass-mean diameter of particles exiting
the ISV hood was 0.7 um, while the scrubbing efficiency
of venturi scrubbers dropped off for particles smaller than
about 0.5 um. Given these characteristics of the off-gas
system in the pilot-scale radioactive test, certain hypoth-
eses concerning contaminant behavier as an off-gas
could be made. First, the elevated distribution of cesium
and ruthenium between the venturi and hydrosonic scrub
solutions indicates that more of these volatile radionu-
clides were being released as very small particles. The
distribution of cobalt indicates that these particles were
also very small. Secondly, the transuranic elements were
collected primarily inthe ventur scrub solution, indicating
that these elements were released as larger particles.
Possible release of the transuranics as larger particles
indicates that release of the transuranics may have been
increased by the combustionofthe test package containing
the contaminated soil andfissionproducts. This hypothesis
is also consistent with the time that the transuranic levels
started to increase in the scrub solution.

An important concern in waste treatment via ISV is sec-
ondary contamination. A pilot-scale ISVtestrevealedthe
location of the secondary contaminationupon comple

of the melt. Ir this test less than 1% of the radionucli.
that escaped the meit settled on the ground. Less than
20% were deposited onthe hood and off-gas giping. The
20% figure was for cobait. The other nuclides were all
less than 10%.

Contamination on the ground can be fixed in place before
moving the hood and can be pushed into the subsidence
zone when backfill is added. Deposits on the hood and
off-gas piping can be fixed in place by spraying strippable
fixatives so that the hood and off-gas line can be moved
without concern forlcose contaminaticn. The fixative will
then combust during subsequent operations. Spraying
techniguesforthasa procedures have beendemonstrated
with both piiot- and large-scale systems.

ISV was field damonstrated on a simulated radioactive
liquid waste disposal trench at ORBNL in July, 1987

Table 6-1. Off-Gas Systems for Selected Processes

Function l '

HEPA filters {two in series)

Process Off-Gas Component
kiln’ oxidizer (three in series) combust organics
semi-dry caustic scrubber neutralize acid gases
fabric filter baghouses remove dust and particulate
glass melter? ceramic fiber filters remove particulate
gas-to-water heat exchanger cool gases
water spray chambers {two in series) neutralize acid gases
demisting chamber remove water droplets
heater re-heat gases above dewpoint
charcoal and HEPA filters filter remaining particles
ISV? HEPA filter (optional) initia! filtering depending on treatment goals
scrubbers {two in series) cool gases and remove particulate
condenser remove water vapor
heater re-heat gases above dewpeint

filter remaining particles

coai-fired vitrification
furnace*

recuperator
quench water

precipitators and stack assemblies

recover heat
cool gases
remove particulate

'Harlow et al., 1989
*Freeman, 1886

'Battey and Harrsen, 1987
*Hnat et al., 199Ca




Table 6-2. Radionuclide Distribution In the Off-Gas System
During an ISV Pilot-Scale Test (Timmerman and Cma, 1984)

Percent (%) of Total Radionuclides Released to Off-Gas

Ground HEPA Filters
Nuclide  Surfacel Hood Piping Tank 1 Tank 2 Stage 1 Stage 2
]
Pu-239 0.09 4 <1 92 3 1 0 “
Co-60 0.05 4 14 24 55 3 0
Sr-a0 0.05 4 <1 91 5 0.1 0 H
Ru-106 0.3 8 2 21 88 3 0 H
Cs-137 0.2 2 5 17 73 3 0 |
TCurrently, a non-combustible fabric is placed as a ground cover inside the hood to prevent surface contaminatisn. '

Table 6-3. Hypothetical Distribution of 7Cs Activity in 1SV Off-Gas System After
Vitritying 10,000 Ci (Spalding and Jacobs, 1989}

Off-Gas System Amount of Amount per
Component 1¥7Cs (Ci) Unit Area
Hood 0.079 0.24 pCifcm?
Ducting 0.401 5.5 pCifem?
Scrub Selutions 11.74 0.5 uCirmlL
Primary HEPA Filter 0.293 1.46 uCircm?
Secondary HEPA Filter 0.0008 0.04 uCifcm?

(Spalding and Jacobs, 1989). Atthis test, samples were
taken at various points in the off-gas treatment systemto
determine what was happening to 137¢s that was not
incorporated into the meit. Based on the results of this
test, hypothesized results for the treatment of a trench
requining 10 ISV settings is presented in Table &-3.

While retention efficiencies for 137Cs were measured at
99.88%, the amount to be treated by the off-gas system
would generate significant secondary wastes over the

6 -

course of treatment for an entire trench. Therefore, ways
to reduce release to the off-gas system were examinad.
One recommendation involved placing a HEPA filter that
would filter off-gas before it entered the system. This
HEPA filter would thus filter incoming air and minimize
entry of contaminants to the off-gas system and genera-
tion of secondary wastes. A pilot-scale ISV test at ORNL
in May, 1991, indicated that a pre-filter successfully
captured 137Cs from the off-gases before they entered
the wet scrubbing system (Spalding et al., 1991).



CHAPTER SEVEN
CAPABILITIES AND LIMITATIONS

This chapter describes the capabilities/advantages and
limitations of vitrification that have been identified in the
literature. As always, for specific site conditions, pro-
cessing goals, and vitrification processes, these factors
may or may not apoly.

7.1 Capabilities

Potential capabiiities and advantages of vitrification
include:

. Thermal destruction of organics

. Reduced leachability of immobilized inorganics
. Long-term durability of the product

. Application to a wide variety of waste sireams
. Application to a wide variety of contaminants

. Volume reduction

. Potential re-use of product

. Avoidance of excavation, processing, and
reburial of product (1SV),

The first four of these capabilities are the direct result of
the product. Capabiiities five and six are the result of the
flexibility of glass and the high temperatures under which
vitrification is conducted. The last two capabilities are
highly site-specific and will depend on sile characteristics
and treatment objeclives.

Thermal Destruction of Organics. As described in Chap-
ter Four, organics may be destroyed by pyrolysis and
combustion during vitrification.

ili f Immobili Inorganics. As
Chapter Five pointed out, waste glasses of many types
have shown reduced leachability of inorganics.

Long-term Durability of the Product. Long-term durability
indicates a product that reduces ieaching for long periods
of time. it is possible to have a material that currently
reduces leaching but that may not perform well over
many years. Although not measured directly, the long-

termdurability of waste glass appears to be excellent and
may extend to geologic time penods, as indicated by
natural glass systems thathave been stable for mitlions of
years.

Application 1o g Wide Varely of Waste Streams. A rep-
resentation of the waste streams {o which vitrification may
apply has been presentedin Chapter Four. These will not
be re-listed, but a review of that chapter will reveal that
vitrification is potentially applicable to a wide variety of
waste streams.

Application to a Wide Variaty of Contaminants. Because

vitrification is both a high temperature process and an
immobilization process, it can apply to both organics
(thermal destruction) and inorganics {immobilization].
Vitrification may, therefore, be preferred at sites that
present a complex mixture of hazardous and/or radicac-
tive contaminants.

Volume Beduction. Not only does vitrification produce a
leng-term, chemically durable product, but it can reduce
waste volume during processing. Thus, vitrification sim-
plifies waste management.

Potential Be-use of Product. As described in Chapter
Five, vitrified waste glass may potentially be re-used in
various ways. Re-use may depenc upon whether the
product can be delisted according to EPA regulations and
on whether the public will accept re-use of a product
formed from hazardous wastes.

i vali r in n rigt of
Product. This applies only to ISV and may be important
in two respect: worker safety and costs. !f the site baing
remediated is highly contaminated, worker safety may be
anover-riding concern, Potential worker contaminationis
minimized with ISV because contaminants are not brought
to the surface. Costs may also ke reduced by ISV
bacause it avoids the costs of excavation, material han-
diing, and disposal. If ISV is to be applied in staged
application it will lose some of the in situ benafits.



Conversely, when compared with ISV, ex situ vitrification
processas permit greater control over processing pa-
rameters. Includedin control over processing parameters
wouldbe greaterease of feed medification, greater control
of melt parameters, greater control of procduct character-
istics. and grealer centrol of organic combustion and off-
gastreatment. Theirade-offincapabilities and disadvan-
tages between ISV and ex situ vitrification processes are
similartothose that existin general betweenin situ and ex
situ processes. Their relative importance will depend o
a large extent on site conditions and treatment goals.

7.2 Limitations
The tollowing may limit the effectiveness of vitrification:

. Feed moisiure contend

. Feed material compesition

. Feed compalibility

. Presence of combustible material

. Presence of process-limiting materials
. Potential volatilization of contaminants
. Potential shorting caused by metals

. High cost of energy

. High cost of trained operators

. Depth limitations (ISV).

Feed Moisiure Content. Feed moisture content has im-

portant impacts on vitrification economics, but in itself
may nottechnically imit vitrification applicability. Vitrifica-
tion may potentially drive off water during treatment, but
in so doing requires more time, more energy, and, thus,
drives up costs.

Limits of moisture content will depend on the process, but
limits of 25 wt% and 20 wits have beenidentifiedior some
ISV processes (USEPA, 1987, USEPA, 1988). ltis also
possible that at greaterthan 5% free water, the water may
react vigorously with the melt as it rapidly vaporizes
(USEPA, 1990a). However, the DWPF has a much higher
moisture content (>50 wi%) without a violent reaction
occurring. One alternative to increase process ability to
handle feeds with high moisture contentsis to use heaters
inthe plenum. Plenum heaters may increase the speed
with which water is vaporized and thereby the incorpora-
tion of feed material into the melt. By increasing incorpo-
ration speedinthisway, treatment time and costs willbe
lowered.

ISV also may be able to drive off high concentrations of
water. Most important in limiting ISV in areas of high
moisture is soil permeability. As a general rule, soils
having low permeatbilities do not inhibit the ISV process,

aven in the water table, because the recharge rate is not
significant in terms of the processing rate. The ISV melt
advances at about 70 15cmvh and soils with permeabif”

of 10-5 cmis or lower are thus considered to be vitrifi:
eveninthe presence of groundwater orinthe watertabie.
Soiis with permeabilities of 1075 to 10°%4 cmvs are con-
sidered marginally vitrifiable. Soils with permeabilities
higherthan 104 cmis may require additional steps, such
as drawing the local water table down by pumping and/or
installing underground barriers, prior to ISV (Buelt et al.,
1687).

EeedMaterial Composition. Feed material compositionis

defined here as the chemical compesition of the material
that is fed into the furnace or melter. As addressed in
Chapters Two and Five, feed composition may impact the
abifity of the vitrification processte form a durable preduct.

Ex siti processes have an advantage in treating feeds
with difficult compositicns because additives can more
easily be added to address feed difficulties. Forexample,
IR! prepares its feed in batches. Samples of aninceming
batch are taken and additives varied according to kiln
requirements before the baich is fed to the kiin for pro-
cessing ( The Hazardous Waste Consultant, 1990a).

Potential problems resulting from difficult feed composi-
tions are compounded with HLW because of the very
hazardous (radioactive) nature of the waste. Inm
other vitritication applications, glass of poor quality r.
be remelted and reformed to improve quality. However,
because of the hazard of HLW, the product glass cannot
be re-melted once il is made. For this reascn, the
remediation process al SRS has included the develop-
ment of the statistics-based quality assurance program
described in Chapter Five.

For application of ISV, soils shoutd contain adeguate
quartities of glass-forming materials (i.e., SiO2and Al2Ca)
andfluxes (i.e., NagQ, K20, and CaQj. Theglassferming
compounds in the soil provide the elements which form
the skeleton of the amorphous glass product. Higher
levels of these materials tend 1o increase the chemical
durability of the resulting glass, but have the negative
effects of increasing its viscosity and decreasing its
electrical conductivity (Buelt et al., 1987). The flux agents
are all akali elements, such as sedium and potassium,
that carry the charge that conducts the electric current
generating the soil-meiting heat during the 1SV process.
Therefore, soils with low alkaline contents may be unable
to effectively carry a charge and thereby diminish the
applicability of ISV (Campbeli and Buelt, 1990). The
minimum combined alkali concentration determined to be
necessary for vitrification of soils using 1SV has been
variously identified as 1.4 wit% (Buelt et al., 1887) anc
wt% (Lominac, Edwards, and Timmerman, 1988).
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Two sites considered for ISV have scils which proved
difficult for ISV to vitrify because of soil compositicn:
Arnold Engineering Deveicpment Center (AEDC),
Tullahoma, Tennessee and SRS, Aiken, Scuth Carolina.
Table 7-1 compares the compesitions of 2 easily vitrifiable
soils with soils from AEDC and SRS.

Bench-scale tests with soils fromthe AEDC site indicated
problems vitrifying a soil which contained only 1% alkali
elements. A flux of 5 wtd% to 10 wt% sodium carbonate
was judged necessary to vitrify the AEDC soil (Timmerman,
1988). The pilot-scale test added 27 wi% sodium car-
bonatetothetopthreefeet of cover soil. Resultsindicated
that the addition of flux would permit vitrification of AEDC
soil. However, failure to reach target depths {the melt
reached 5 #.) indicated that treatment would require
injection of the flux agent, rather than just surface
placement, and thus some disruption of contamirated
maternal would be reguired (Timmerman and Peterson,
1990}.

Bench-scale tests were conducted on SRS soils having
alkali elements (Nas20O and K20) of less than 0.2% wt.
These tests evaluated two enhancement techniques to
enatle the vitrification of alkali-depleted soils. The first
was the placement of a starter layer of sand overthe SRS
soil. Thig technique metwith imited success; the process
continued to melt preferentially outward without achiev-

ing a significant downward penetration into the SRS soil. |

The second technigue required pre-mixing of alkali mate-
rials into the soil, and was highly successful. However,
pre-mixing the soils with aliali constituents detracts from
many advantages of the process of vitrifying the con-
taminants in place without pretreatment. Consequently,

Campbeli and Buelt (1980) recommended developing
and testing alternative ways of vitrifying SRS sail in place
without prior removal for alkali mixing.

[n summary, some soils may not lend themselves to ISV,
but techniques exist that may address this protlem. Thea
primary aiternative is to inject soluble alkaline fluxes into
the soii betore vitrifyingit. However, the injectionof aflux
for the enhanced vitrification of soils has not been field
demonstrated (Campbeliand Bueit, 1990). Furthermore,
research on ORNL soils indicated that sodium fluxes may
transport contaminants {such as cesium} asgases evclive
(Spalding and Jacobs, 1689).

mpatibilty. Feed compatibility refars to the
physical compatibility of the {eed with the vilrification
process: canthe process handle alithe sizes and types of
materialinthe feed? For example, atthe Weidon Springs
site, Missouri, crushed drums, structural building iron,
process equipment, and a fork-lift truck are among the
debris buried in the quarry (Koegler, Oma, and Perez,
1988). AtINEL, buried wastes range from steel drums, to
plywood boxes, to cardboard and fioerboard containers,
to vehicles and large pieces of equipment (Callow,
Thompson, and Weidner, 1991). Locations similar 1o
these siles represent challenges {0 most remediation
processes, including vitrification.

Feed materials are fed to various vitrification processesin
a variety of ways, including slurries, calcined powders,
shredded and chopped, bagged, boxed, drummed (as
described in Chapter Four), as well as others. Ability to
handle heterogeneity in the field material also varies with
vitrification process. Pre-treatment by pariicle classifica-
tion and/or olher methods of feed preparation may be
required at many sites pror to vitrification.

Table 7-1. Comparison of Soil Composition (wt%) from Selected Sites

'Buelt et al., 1987
*adapted from Timmerman, 1889
*Campbell and Buelt, 1990

SITE
Range In Hanford, INEL AEDC, SRS, South

Oxide Usa’ Washington’ Idaho’ Tennessee? Carolina®
Sio, 60-93 60.9 69.6 76.0 925
ALO, 5-17 13.6 11.4 9.0 4.8
Fe,O, 1-11 9.6 4.1 586 0.8
Ca0 <1-10 6.0 10.0 6.7 0.4
MgO <13 2.9 - 0.6 -
Na,0 & K,0 <1-9 438 3.9 1.0 0.2
Other oxides <1-2 2.0 1.0 1.2 1.6




Combustible Material. Combustibie materials generate
gases and may include combustible solids, liquids, and
packages, void spaces, and organics. For example,
buried, combustible wastes at INEL include wood and
cardboard packaging, wood pallets, and cans and drums
containing combustible organic liquids (Callow, Thomp-
son, and Weidner, 1931). Gas-generating situations may
result from the intrusion of the molten glass into void
spaces and the release of entrapped air. Finally, natural
organics, such asthe humus in soif, may also be a source
of combustibie material. However, gas generation from
the decomposition of humus and othear natural chemicals
within the soilis generally considered insignificant (Buelt,
Timmerman, and Westsik, 1983). The main concern with
combustible materiais is that the gases they generate will
carry contaminants to the giass surface and away from
the melt. With ex situ processes, if combustibles present
aproblem, pre-treatment processes may remove much of
this material and thus minimize this problem. Processes
and batch compositions may also be adjustedto minimize
these effects.

ForISV, combustibles are not removabie if the process is
to proceedinsitu, Therefore, productionof gases mustbe
controlled by controlling processing ¢conditions. Further-
more, the production rate of off-gases during the burning
of combustibles must not be high enough to overwhelm
the off-gas system’s capacily to maintain a negative
pressure during processing. If this were to occur, the
fugitive emissions could possibly spread contamination.
Maximum processing events that the off-gas system is
capable of handling are as follows: combustible liquids
(4800 kg/m of depth or 7 wit%); void volumes (4.3 m¥/
combustion event); combustible packages (0.9 m3/
combustion event); and combustible solids (3200 kg/m of
depth) (Buelt, Timmerman, and Westsik, 1583).

Two intermediate field tests on buried waste at INEL
indicated some of ISV's abilities to handle buried combus-
tibles. Numerous pressure spikes occurred in the first
test. These pressure spikes lasted from ten to thirty
seconds and were not instantaneous or characteristic of
an explosion. Furthermore, pressure spikes decreased
with increased depth, indicating the potential for addi-
tional soil to be placed over the buried waste to bufferthe
effects of the transient temperature spikes (Callow,
Thompson, and Weidner, 1991).

Presenceof Limiting Constituents. Limiting materials affect
processing or product quality and may be presentin the
incoming feed. These include halogenated compounds,
reducing agents, and metals of difficult types or high
concentrations.

Halogenated compounds affect product durability be-
causeincorporationinto the glassin high enough concen-
trations may produce an undesirable, porous proc
(USEPA, 1990a). Reducing agants such as carbon a
ferrous salts may reduce arsenates and selenates o
lower valence compounds that are more volatile and thus
reduceincorporation efficiencies of these metals (USEPA,
1990a). Certain metals such as mercury and cadmium
may be undesirable because of theirdifficulty to incorporate
into the metlt, their reduction of product quality, and/or
because their volatility requires treatment in the off-gas
system. Meials in high enough concentrations may also
be insoluble in the glass, as all metals have solubility
imitations in glasses (USEPA 1987; USEPA, 18%0a).
Finally, with the microwave vitrification of incinerator
ashes, unburned carben was found to affect processing.
in excess of 5 wi% unburned carbon, the carbon would
rapidly heat and cause arcing, thereby affecting process
performance (Komatsu et ai., 1980}.

Methods to overcome the presence of limiting materials
includes pre-treatment o reduce concentration levels
and, aiternatively, to increase the glass-forming additives
and thereby dilute the difficult materials (USEPA, 1890a).
Treatment of materiais with limiting constituents may
therefore be economically limited and not technically
limited.

Potentigl Velatilization of Contaminants. Volatilization
cortaminants refers primarily to inorgarics, although or-
ganics may potentially volatilize before pyrolysis. By-
products of incomplete organic pyrolysis may also volatil-
ize. The potential migration of contaminants into the
ambient scil during ISV could also be considered a type
of contaminant volatilization. However, this issue has
already been addressed in Chapter Four and wilt not be
discussed again here.

Volatilization of contaminants increases the quantity of
secondary contamination and thereby complicates treat-
ment. Athigh enough concentrations, contaminants may
thereby make vilrification cost prohibitive. Volatilized
contaminants may be recycled to the feed to increase
retention efficiencies, but this complicates treatment pro-
cesses and may drive up costs. Finally, volatilized melals
may potentially be recovered fromthe off-gas system and
re-used.

Volatilized metais of concern include mercury, lead, and
cadmium. Cesiumvolatilization during ISV treatment has
been a concern at ORNL, but this problem appears to
have been solved in recent tests {Spalding et al., 1891).
Radium may also be aconcern, although tests on Fernald
K-85 residue indicate potential successful treatmen’
(Janke, Chapman, and Vogel, 1981).



Potentigl Shorting Caused by Matals. The presence of

metals inthe feed may present another problem: shorting
of the electrodes used in joule healing. Metal induced
shorting is primarily a problemwhenthe feed matgrial has
a high iron content or similar metal. These metais may
sink to the bottem of the melt, concenirals thers, and
possibly create a conduction path that may lead to elec-
trical shorting between the electrodes. This problem may
be scived rather easily by glectric melters by adding a
bottom tap to remove the accumulated metals and ac-
companying stag. Modification of melter geometry may
improve the efficiency of metal draining (Bickford, Propst,
and Plodinec, 1988). Published metal limits for ISV have
been 30% of the linear distance betweenthe electrodes or
5wt% oi the melt {Buelt, Timmerman, and Westsik, 1289).
However, the recent development of the EFS has made
these fimitations supertiuous (Figure 7-1).

The EFS was developed lo treat soiis characterized by a
high content of metals. With electrode feeding, the four
elecirodes that are used to initiate the ISV process are
independently fed to the melten soil as the melt proceeds
downward instead of being placed in the sail prior {0 test
startup. Upon encountering a full or partial shorling
condition, the affected eiectrodes are simply raisec and
held above the molten metaipool atthe botiom of the metlt.
During this time, the meit (and molten metal pool) contin-
ues to grow downward. The affected electrodes canthen
be reinserted into the melt to their original depth, and all
four electrodes canresume electrode feeding operations.
Electrode feeding is expected to eliminate many other
potential problems that can develop when processing
s0ils containing high concenirations of metals {i.e., power

imitations, void formation, electrode preplacement)
{Farnsworth, Oma, and Bigelow, 1890).

The EFS has beenextensively tested inclucingfield tests
at both INEL and GRNL.

At the first INEL test. some problems with glacirinal
instabilities occurred. Electrical instabilities appeared for
a variety of reasons, but under test conditions, the EFS
was not able to respond aggressively to the instabilities.
This was because the silicon-based coating appfied to
reduce electrode corrosion through oxidation would tend
to stick to the glass. Al times the electrodes became
frozen to the cold cap and thus unable o be moved
(inserted or retracted} to respond to etectricatimbalances
(Caliow, Thompson, and Weidnar, 15321}

The second INEL test was conaucied wiihoul s
silicon-based coating and the EFS performed well no
sticking was observed and oxidation losses were accept-
anie (Callow, Thompson, and Weidner, 1981),

The primary conclusion concerning the EFS from INEL
tests was that uncoated graphite elecirodes appear pretf-
erabie to silicon-based coated graphite electrodes. Oth-
erwise, the EFS seemed to performwell {Callow, Thomp-
son, and Weidner, 1891).

High Cast of Energy. Generaily, vitrification does require

large amounts of energy 10 process wastes. Increased
energy costs drives up process costs. Therefore, any way
in which vitrification can be used efficiently will help
control energy consumption, drive down costs and help
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make vitrification competitive with other treatment
processes.

Aprimary way inwhich vitrification can be used efficiently
istousait at highly contaminated sites where the contami-
nation is not difuted. For example, IRl felt thatits process
would nct be cost sifective for waste streams from small
generators unlessit served as aregionalsite for a number
of generators ( The Flazardous Waste Consultant, 1990a).
Evaiuation of ISV for use at ORNL indicated that it would
not be applicable where groundwater had dispersed
contaminants (Spalding, Jacobs, and Davis, 1989). At
Faslane, in England, vitrification was used at sites highly
contaminated with asbestes, but not at sites with rela-
tively low asbestos contamination (Denner, Langridge,
and Affleck, 1688). Thus, vitritication couidbe considered
a precess for treating the “hot spots.”

Vitrification has also been considered for treatment of
incinerator ash. This also could be considerad treatment
of hot spots. Thisis because, in one sense, the incinera-
tion of a waste stream, MSW for example, destroys many
ofthe organic contaminants and produces aconcentrated
waste stream containing inorganic contaminants. Re-
ported costs for vitrification of incinerator ash make it a
cost competitive option for immobilization of inorganics in
ash.

Finally, vitrification feasibility studies should consider
availanility of electricity and unit costs in treatment
evaluations for a specific site. Energy costs may also be
reduced by vitrifying during non-peak hours or seasons.

High cost of Trained Operatorg. Because of the com-

plexity of vitrification, trained operators are required for
both ex situ processes and ISV. This, of course, does not
limit vitrification technically, but may drive up costs
(USEPA, 1890},

Depth Limitations. Depth limitations apply only to ISV and
are a primary limitation of ISV at present. Currently, the

greatest depth achieved has been 5 mby PNL (5.8 m by
Geosafe). Sixty percent of DOD contaminated soil sites
extend deeperthan5 m. I ISV could be extendedto 9 m,
then 90% of DOD sites would fall within ISV depths.

Theprimary problem appears to be heterogeneous power
distributions within the melt: half of the delivered power
is heldinthe upperthird of the melt, and power decreases
as depth increases. This results in a slowing of the melt
advance as the melt reaches an equilibrium and finally
melt advance stops. The result is a melt that spreads out
more and remains shallower than predicted by early ISV
modeling (see Figure 7-2). The primary need, therefore,
in increasing melt depth is to increase heat near the melt

floor. Ifthis canbe addressed, the present depth limit may
well be doubled. Of course, deeper melt penetration »="
make ISV applicable to an even greater range of sit:

Possible solutions te increasing heat near the melt floor
include:

. Hot-lipped electrodes

. Use of passive electrodes (EFS)

. Start melt at depth and moves upwards
. Vertical thermal barriers (walls or floors)

Hot-tipped electrodes could concentrate current at the
bottomn of the melt in a number ¢f ways. These methods
inciude:;

. Attaching a molybdenum tip at the bottom of the
electrode. The greater conductivity of Mo directs
current through this tip.

. Covering the upper portion of electrodes with an
electrically insulating material which would then
funnel electricity through the tips of the elec-
trodes.

Introduction of passive electrodesinvolves the intentional
placement of iron-based metals in the startup layer. The
metal will melt and remain at the bottom of the mot’
vitrified zone. This has the effectof divertingthe electric
current near the bottom of the molten mass, as shownin
Figure 7-3. The molten metal thus acts as a “passive”
electrode that diverts electrical current and power near
the bottom of the melt by providing a path of lower
resistance to the electrodes. This creates higher melting
temperatures, which may enhance the downward meiting
rate. In addition, the molten metal layerisindirect contact
withthe soil being vitrified. The greaterthermal conductivity
of the molten metal may enhance heattransferto the sol,
thereby assisting in the downward melting process. The
use of passive electrodes has been shown 1o enhance
downward meiting rates {(Buelt and Famsworth, 1980).

The development of the electrode feed technique made
the introduction of passive electrodes possible (Buelt and
Farnsworth, 1880). As metals are encountered, the
self-ieeding electrodes can be withdrawn slightly fremthe
bottom of the melt to avoid a direct electrical short. The
influence of the passive electrodes can be controlled by
the separation between the bottom of the graphite elec-
trodes and the moiten metal pool; decreased separation
willincrease the cencentration of current near the bottom
and increase the downward melting rate (Camptell and
Buelt, 1990).
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Starting the melt below ground and melting upward may
be ancther way to increase meit depth. However, this
may result in a cavity below ground level which may
sventually cave in and splash molten glass into the hood
ared.

Therma! barriers could be placed alongside the site to be
melted and prevent the movement of glass and heat into
adjacentareas. Thus,theglass and heat energy wouldbe
forced downward and melt depthsincreased. Apilot-scale
melt at PNL tested the applicability of thermal barriers.
The thermal barriers were placed 8 inches from the
electrodes and proved capable of withstanding melt
conditions for 72 hours without evidence of degradation.
Because these barriers were designed to reshape the
melt and not to prohibit heattransfer, about 1 inch of sand
wag fused te the side of the barrier oppesite the melt.
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CHAPTER EIGHT

PHYSICAL AND CHEMICAL TESTING

Performance tests include both physical and chemical
tests and may be performed before treating the material
1o he vitrified and aftar treating the vitrified waste glass.
For additional discussion cf performance tests, pleasa
see Stabilization/Solidification of CERCLA and RCRA
Wastes (USEPA, 1333a).

8.1 Physical Tests

Physical testing is conducted to characterize and contrast
waste before and after vitrification. 1t provides basic
information on the physical characteristics of the waste
material and allows some estimate to be made onthe cost
of waste treatment and handling. Physical property
characterization of untreated waste focuses on excava-
tion, transport, storage, mixing, hydraulic conductivity,
strength, and physical durabiiity considerations. Physical
testing of the vitrified product is one part of demonstrating
the relative success orfailure of the process. Thephysical
testing methods described in this chapter may apply to
both untreated hazardous wastes and treated hazardous
wastes; however, the tests were not developed foruse on
these wastes.

This section describes some of the more common physi-
cal tests used to evaluate waste vitrificaticn processes.
These physical tests include:

. Index Preperty Tests: provide data that are used

to relate generat physical characteristics of a
matenal {e.g., moisture confent } to process op-
grational parameters (e.g., costs).

. Density Tests: are used to determine weight-to-
volume relationships of materials.

. Hydraulic Conductivtity Tests: measure the rela-

tive ease with which ftuids {(water) will pass through
a material that is to be vitrified.

. Strength Tests: provide a means for judging the
effectiveness of a vitrification process by stress-
ing the product mechanically.

. Durability Tests: determine how well a waste

glass withstands environmental exposure.

Individual values of waste properties derivedirom specific
tests are used along with other available data io make
informed engingering decisions.

It is important to note that many of these tests were
originally developed for testing soils and cement-like
materials for physical stability for construction projects.
Extreme caution must be exercised when applying these
tests to untreataed and vitrfied hazardous wastes, and in
the subsequent data interpretation. Many of the tests
involve frequent handling of the waste materials; there-
fore, due consideration must be given to personnel pro-
tection, sample handling and disposal requirements, and
other factors associated with the presence of hazardous
constituents in the samples.

8.1.1 Index Property Tests

Index property tests provide data that are used to relate
general physical characteristics of a material to process
operational parameters. These tests are most frequently
performed on untreated waste 1o determine the feasibility
of vitrification.

Cne important index property for ISV is the moisture
content of the material to be vitrified. The Moisture
Ceontent Test (ASTM D2218-80) determines the amount
of free water {orfluid) in agiven amount of material. Inthis
test method, the term “walter” refers to “free” or “pore”
water, notwaters of hydration. Alsowaterindiscontinuous
pores is not measured by this test. The results of this test
are usually expressed as fluid representing a percentaga
of total mass, This test is often used to determine if pre-
treatment is necessary in the design of the vitrification
process. An example of waste pre-treatment would be
sludge drying, dewatering, or consolidation prior to vitrifi-
cation.

Itis also important to note that wateris often not the only
liquid-phase constituent in contaminated materials. The



fluids may also include a broad range of liquid wastes
present in solution or as nonagqueous phase fiquids. This
can have several effects on the performance and results
of moisture content determinations. For example, if
volatile organic compounds (VOCs) are present, samples
should be aerated to allow volatilization of flammable
YOCs before samples are oven-dried. {(Of course, VOC
content itse!f may be an important parameter to measure
at some sites.) The type and levei of contamination may
alsoinfluencethe relationship between “free” and adsorbed
water.

in addition to the physical properties measured by the
index property tests described above, chemical compo-
sition, thermal conductivity, fusion temperature, specific
haat, electrical conductivity, and viscosity are ali physical
properties of the material to be vitrified that may influgnce
process applicability and economice (Buelt 2t al, 1987},
8.1.2 Density Tests

Bulk density is the ratio of the total weight (solids and
water) to the total volume. Bulk density, along with
specific gravily and moisture content measurements, can
be used to calculate a material’s porosity. More com-
monly, bilk density values are used to convert weight 1o
volume for materials-handling calculations and are es-
sential for characterizing the rates at which a soil can be
excavated. In addition, bulk density data provide a
comparison between untreated waste and the vitrified
product.

Methods of bulk density measurement include the
Drive-CylinderMethod (ASTM D2037-83), the Sand-Cone
Method (ASTM D1556-82), and the Nuclear Method
(ASTM D2922-81). The data from each are sufficiently
accurate for calculating densities. Selection of a method
is usually based on ease of use. Laboratory determina-
tion of specific gravity can supplement these measure-
ments.

8.1.3 Hydraulic Conductivity Tests

Hydraulic conductivity, often referred to as permeability,
is ameasure of the resistance of amaterialto the passage
of fluids. Permeability tests are performedto estimate the
quantity and flow rates of water through a material under
saturated conditions. Laboratory permeability testing
consists of applying a hydraulic head of water to one end
of a specimen and measuring the flow through the
specimen.

There are two basic types of permeability tesis:
constant-head and falling-head. The constant-head test
allows relatively large guantities or water to flow through

the sample and be measured. This test is suitable for
materals with a permeability greaterthan 1 0€crmys. The
fajling-head test, which allows for more accurate m
surement of small quantities of water, is more suitab
materals with a permeability of iess than 1076 ciis
(Carter, 1983).

Sand, a highly permeable material, has a permeability on
the orderof 1072 cmys. Clay, a material thatis used o fine
lagoons and surface impoundments, can have perme-
ability onthe order of 1076 crmvs or less andis considered
relatively impermeable.

As described in Chapter Seven, the permeability of a soil
may be animponrantfactorin estimating the effectiveness
of ISV for a particular site. Athigh meisture contents, ISV
will have {o first boil ¢ff the water atthe vitrified site before
a glass melt will be formed. Thus, at high moisture
content, if the permeability of the soil is teo high (above
1074 cmy/s), water will move into the melt site faster than
it can be boiled off and the melt will not form (Buelt et at.,
1987).
8.1.4 Strength Tests

Strength-test values indicate how well a material will hold
up under mechanical stresses created by over-burden
and earth-moving equipment. It can also be usedto give
some idea of how weil a waste glass will resist fractu
and thus increasingits surface area. Thistest, along\
the chemical leach test (see below), helps form an esti-
mate of the product durability.

A common strength-test is Unconfined Compressive
Strength of Cylindrical Cement Specimens {ASTM
D1633-84) However, several other sirength tests may be
performed in additionto orin place of this test, depending
on the intended use of the data.

The EPA considers a solidified waste material with a
strength of 50 psi to have a satisfactory Uncenfined
Compressive Strength (USEPA OSWER Directive, No.
39437.00-2A). This minimum guideline of 50 psi has been
suggested to provide a stable foundation for materials
placed upon it, including construction equipment and
impermeable caps and cover material.

The minimum required Unconfined Compressive Strength
for atreated material should be evaiuated on the basis of
the design loads to which the material will be subjected.
The anticipated over-burden pressure and cther loads,
aiong with appropriate safety factors, can be used to
calculate this.

Typical construction and compaction equipment can ge
erate very high contact pressures of 1000 psi or mc



(e.g., sheepsfoot rollers), but surface contact pressures
on the order of 50 to 100 psi are more common. This
surface load is attenuated with depth so that bearing
pressures are reduced to values on the order of 10 to 20
psi at a depth of 2 feet and 3 to 7 psi at a depth of & feet
pelow grade. Overburdenpressuras willusually beonthe
ordercof 0.7510 1.0 psiperioot of depth. I guidelings such
as these are usead, the stresses to which the wasie giass
will be subjected can be predicted, and design criteria can
be selected accordingly.

8.1.5 Durability Tests

Durability Testing evaluates the resistance of a waste
glass to degradation due to exiernal environmental
stresses. The i2sts are designad to mimic natural con-
ditions by stressing the sampie through: (1) freezing and
thawing, and (&) welling and drying. The waste glass
spacimens may undergo repeated cycling during the
testing. Unconfined Compressive Strength, flexural
strength, permeability, or other performance-based tests
may be conducted on the glass samples after each cycle
lo determine how the physical properties of the waste
change as a resuit of simulated climatic stresses. The
number of cycles a material can withstand without failing
can be used to judge the mechanical integrity of the
material.

These tests relate to the fong-term stability of the sample.
if the results show low loss of materials and retention of
physical integrity aftertesling, then the chemical compo-
sition of the vitrified productis adequate. Ifthetest results
show alarge loss of material and ioss of physical integrity,
then various chemicals may have to be added to the feed
material to provide the long-term stability needed.

Poor durability results often can be addressed by a
change in design and should not be used as automatic
grounds for exclusion. For example, materials that fail
freeze-thaw durability testing can be placed below the
frost line to mitigate their poor durability property.

8.2 Chemical Tests

This sectiondiscusses leaching tests, the tests most often
used to evaluate the pertormance of vitrification as a
treatment process for hazardous waste.

Inthe field, leaching ot hazardous constituents fromwaste
glass is a function of both the intrinsic properties of the
waste form and the hydrologic and geochemical proper-
ties ofthe site. Although laboratory physical and chemical
lests can be used to define the waste form's intrinsic
properties, the controlled conditions of the laboratory
anvironment are usually not equivalent 1o changing field

conditions. Atbest, laboratory leaching data can simulate
the behavior of waste forms under “ideal”, static {condi-
tions atone pointintime), or “worst-case” field conditions.
Presently, leach tests can be used to compara the ef-
fectiveness of various waste glasses, but they have not
been verified for determining the long-term ieachakbility o
the waste.

8.2.1 Toxicity Characteristic Leaching Procedure
(TCLP} (Federal Register, 1986)

This test involves the definition of a toxicity characteristic
waste under the RCRA hazardous waste reguiations.
The test is defined in 40 CFR 261 as follows. Waste
samples are prepared by crushing the wastes o pass
through a @.5-mm screen, and liquids are separated from
the solid phase by filtration through a 0.6 to 0.8 um bo-
rosilicate glass-fiber fiter under 56 psi pressure. Two
choices of buftered acidic leaching solutions are offered
under TCLP, depending onthe alkalinity and the buftering
capacity of the wastes. Both are acetate butier solutions.
Solution No. 1 has a pH of abcut 5; Solution Ne. 2 has a
pH of about 3. The leaching solution is added to a Zero
Headspace Extractor (ZHE) at a liquid:solid ratic of 201,
and the sampie is agitated with a Nationa!l Bureau of
Standards (NBS) rotary tumbler at 33 rpm for 18 hours.
The leaching solution is filtered, combined with the sepa-
rated liquid waste fraction, and analyzed for specific
organics and metals.

8.2.2 Materials Characterization Center Static
Leach Test (MCC-1P) (MCC, 1984)

This static leaching test was developed for HLW. It
involves teaching of a menolithic waste form with water
(ASTM Type | or It) at a volume of leaching solution to
surface area of solids (V/S) ratio of between 10 and 200
c¢m. The period and the temperature of extraction vary,
dependingonthe schedule selected. MCC-1Ptestresults
can be combined with those from extraction tests (e.g.,
TCLP) to determine arange of leachate concentrationsin
the short term (well-managed site with waste form intact)
and the long run (waste matrix has been subjected to
many years of environmental stress and is fractured).

8.2.3 Materials Characterization Center MCC-3 Tast

The MCC-3 agitated powder leach test is very similar to
the MCC-1 test procedure with two exceptions: the glass
is in a powdered form and the glass powder and leachant
are agitated by rotating the container. This produces an
elemental leachale concentration that may be more rep-
resentative of dissolution under saturated conditions.
Leachate saturaticnis achieved more rapidly inthe MCC-
3 test because higher surface area to volume ratios are



used thanin the MCC-1 test. The powder MCC-3 test is
also very useful in cases where multiple phases are
presentinthe waste form. Because the MCC-1 testuses
a cut monolith for testing, results are often affected by the
representation of the different phases on the surface of
the monolith, The MCC-3uses powdered samples thereby
allowing all phases to contact the leachate (Koegleretal.,
1389).
8.2.4 Product Consistency Test (PCT)

The PCT evoivedfromthe MCC-3testandwasdeveloped
for evaluating high-level vitrified waste forms from the
DWPFE at SRS. The test can be performed remotely and
is reproducible. Leachate is monitered for metal concen-
tration and pH. The glass is crushed, sized, rinsed, and
submergedindeionizedwater at 90°Cfor7 days (Jantzen
and Bibler, 1990). This test is being evaluated as an
ASTM standard test.

B.2.5 American Nuclear Society Leach Test
(ANS-16.1, 1986} (ANS, 1986)

A“quasi-dynamic”leachtest, ANS-18.1, canbe appliedto
vitrified low-level and hazardous wastes. A monolithic
cylinder (length:diameter of 0.2 to 5.0) is leached with
demineralized water applied at a V/S ratio of 10 cmunder
ambienttemperatures. Atthe start of the experiment, the
sampleis rinsedto obtain zero contaminant concentration
at the surface of the sample. Afterwards, the sample is
immersed in water, which is reptaced after 2 hours, 7
hours, 24 hours, 48 hours, 72 hours, 4 days, 5 days, 14
days, 28 days, 43 days, and 20 days.

The resuits of the leaching test are recorded in terms of
cumulative fraction leached over the total mass in the
waste form, against time. Calculations are then used to
derive an effective diffusion coefficient, De (cm2/s). anda
leachability index (LX = -log De). The LX values range
from 5 (De = 5-10, rapid diffusion) to 15 {De = 10-15, very
slow diffusion).

8.2.6 Leaching Test Selection and Interpretation
As mentioned in the preceding discussions, leaching
tests produce results that are not directly applicable to
leaching behaviorinthe field. Nevertheless, the results of
several leaching tests or of leaching tests combined with
physical tests or microscopic techniques can be used as
indicators of field perfermance and environmentalimpact.

When used for comparative purposes, resuits from sev-
eral ieaching tests can help identity field conditicns that
may result in different concentrations oi waste leaching.
Therefore, these data may be used to select or design

waste facilities that wiil minimize the !leaching of hazard-
ous constituents from the wastes. The data also may be
used to predict the leaching of waste glass at differ
stages in time. For exampie, a closed facility that h.
cover which is maintained {i.e., a 30 year post-closuic
period) and minimizes precipitation infiltration, leaching
conditions may be similar to those of the MCC-1P test
(i.e., static hydraulic conditions).

In the few cases where the actual fieid leaching solution
is well known, use of this solution in the laboratory tests
may yield more representative resuits. When the site
leaching solution is used, however, the results may be
relevant only to field leaching conditions in the short tarm
because the site hydrogeochemistry may change over
the fong run.



CHAPTER NINE
PROCESS EVALUATION

Technology screening is an important part of evaluating
any technology. fn this chapter, examples cf vitrification
comparison studies are presented, scaling-up problams
are discussed, and cost categories for in situ and furnace
vitrification are described.

8.1 Selection of Vitrification Processes

In this section, two studies evaluating vitrification pro-
cesses are descriped. These studies are presented as
examples of ways in which vitrification processes may be
evaluated. Because of the differing goals and identified
wasle streamsinthe two studies, the questions asked and
the conclusions drawn differed. In addition, the pro-
cesses evaluated differed betwean the two studies.
Evaluation of vitrification precesses should proceed with
site or waste specific goals in mind: the questions asked
will shape the conciusions drawn.

Bickiordetal. {1991) evaluatedfour vitrification processes:
calcination followed by pet melting, a modified commer-
cial melter, a HLW joule-heated melter, and a stirred
melter. Each melterwas evaluatedior process character-
istics in treating two groups of waste. The first stepinthis
study was to identify a series of desired process charac-
teristics (Table 8-1). (Please note that the evaluation for
only one of the waste groups is presentedin Table 3-1.)
These characteristics were rankedona scale of 0 to 10 for
their relative importance in treating each of the two waste
groups. Then, each melter systemwas rated for its ability
to meet gach characteristic on a scale ¢f 1 to 10 and
assigned a decimal value accordingly (i.e., a “5" became
a“0.5". The score of each melter system for each of the
desired characteristics was multiplied by the relative
importance value of that characteristic. These values
were summed to establish the total rating.

Inthe second study (Haz Answers, 1991), conducled for
INEL, a variety of thermal processes were evaluated for
Radicactive Waste Management Centar (RWMC) waste.
Alotal of 27 technologies made up the preliminary fist of
thermal technologies. Only those technoiogies which
applied to sludge, solid combustible, or solid inert wastes

passed the initial screening of the preliminary list and
were evaluated in detlail. Each of the remaining 18
technclogies were scored on the basis of 7 identifiad
evaluation criteria.  These criteria were chosen as the
most important site-specific aspects to be considered in
making decisicns concerning the treatment of HWiiC
wastes. A relative index was applied to the evaiuation
criteria in order to weight the evaluation criteria according
to perceived importance in treating RWMC wastes (from
a high of 0.25 for “Final Waste Form” and “Versatility” to
3 low of 0.05 for "Cost™. Finally, each technology was
scored on a scale of 1 1o 5 for each of the evaluation
criteria and then multiplied by the weighted facter of that
evaluation criteria. Scores were summed. The results of
this summary are presented in Table 9-2.

9.2 Initial Testing and Scaling-Up

The guestion of testing a process and then scalingup to
afull-scale operationis acommon probiemindealing with
hazardous material. This section describes some of the
general issues in this procedure and address some
specific questiocns that may be important at the
bench-scale. Variations in site and waste characteristics
drive the development of cbjectives for a particular site or
waste, and these objectives may influence the nature of
the treatability study.
9.2.1 Treatability/Bench-Scale Tasting
Treatability/bench-scaletestinginvoives the performance
of various physical and chemical tests on actual contami-
nated materialsfromthe site, followed by engineering-scale
mel testing on the materials. Treatability testing is used
to:

. Demonstrate that the technelogy is applicable to

the specific soil’waste combinations at the site.

' Produce contamirani-related performance data
necassary to support permitting activities.

’ Develop design data necessary to support ¢ost
estimates and quotes.



Table 9-1. Determination of Preferred Meiter System for Beta-Gamma, Low-Level Mixed, lnorganics (Heavy
Metals), Asbestos, Organics, and Soils Wastas (Bickford et al., 1991)
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. Produce samples of residual product for use in
meeting regulatory requirements.

. Define materials of construction for processing
equipment. This is particularly important for high
temperature processes such as vitrification.

The cost of treatability testing is comparatively low and
permits early screening of various processes before
significant money and effort are spert on a technoilogy
which may not be applicable to a specific site. ISV
treatability studies usually can be completed within eight
to tenweeks after projectinitiation (Hansen and FitzPatrick,
1989).

Questions which may be addressed in vitrification
treatability studies:

. Composition of the feed

. Total composition of contaminants in the field

. Time requirements forthe high-temperature pro-
cessing of the feed

. Melt parameters, such as temperature,
oxidation-reduction conditions, efc.

. Need to add any materials, such as fluxing agent,
etc.

. Total concentration of contaminants in the
product

. Leaching behavior of the product.
9.2.2 Scale-Up/Fieid Testing
Once bench-scale tests have demonstrated that the pro-

cess underconsiderationis applicable to site paramet~
pilot-scale tests are often conducted. The primary o.



Table 9-2. Criteria Raw Scores and Weighted Overall Scores for INEL Thermal
Process Evaluation Study (Haz Answers, 1991)

| Technology Name LDA VRSL THRU FWF  EFLT COMP COST Overall
l Weightad
' Score
Slagging kiln 5 5 3 3 3 2 1 3.4
Fluidized bed 5 3 5 1 2 3 5 2.9 !
Muttiple hearth 5 1 3 1 3 5 4 2.6 !
Rotary kiin 5 5 5 1 1 4 5 35
Controiled air 5 1 3 1 5 5 4 2.8
Cyclone 5 1 5 1 5 5 5 3.0
Low temperature 2 2 5 1 5 4 5 2.8 i
thermal separator 1
. Infared furnace 4 2 5 1 & 3 5 2.9 !
" Molten salt furnace 3 1 3 1 5 2 4 2.1 :
Plasma centrifugal reactor 2 4 4 3 3 1 4 3.0 i
Plasma arc furnace 2 4 4 3 3 2 2 3.2 i
Conventional temperature 4 1 3 1 4 4 4 2.4 1
pyrolysis |
Microwave discharge 3 2 1 1 5 5 3 2.7 '
Moften glass furnace 4 4 5 2 5 3 4 3.6 ¥
In situ vitrification 3 4 3 5 4 5 5 4.3
Microwave melter 2 1 1 3 4 5 2 2.6
LEGEND:
LDA = Level of Development and Availability EFLT = Effluents
VRSL = Versatility COMP = Complexity
THRU = Throughgut COST = Cost
FWF = Final Waste Form

tive of pilot-scale tests is to confirm that bench-scale test
resulls will be applicable on a larger scale. This is
accompiished by testing a portion of the actual site or a
simulation of an actual site. The testing typically evalu-
ates process operations effectiveness, off-gas behavior
of volatile or entrained materials, potential costs, and
potential processing problems (Lominac, Edwards, and
Timmerman, 1989).

9.2,3 Scaling-Up Case Studies

The scaling-up process of Geosafe's ISV and Retech's
PCR (both described in Chapter Three) will be presented
in this section to give some idea of the steps involved in
this process.

9.2.3.1 Scaling up of ISV

The scaling up process of ISV used at PNL is described
in this section. Development and deployment of the

large-scale ISV system is the ultimate goal of the 1SV
program, becauseitisless costlytooperate, anditis more
adaptable 1o numercus types of waste sites than the
pilot-scale sysiem. The cost of vitrifying a given waste
volume with the large-scale systemis lessthan that of the
pilot-scale system. The large-scale system is more
adaptable because of its high-capacity off-gas system,
which can process off-gas at a rate of 104 standard m3/
min, is better equipped 1o contain sudden gaseous re-
leases from combustible and other gas-generatingwastes.
Neverthaless, the pilot-, engineering-, and bench-scale
systems provide important data that are used to deter-
mine the performance of the large-scale system at a
significantly reduced development cost. The scale of all
four development units for DOE isdescribedin Table §-3.
Descriptions of these development units fotiow inthe text.

Bench-Scale System. The bench-scale system is used
primarily to verify ISV processability and off-gas charac-
teristics from alternative types of soil and waste inclu-
sions. The bench-scale unit has bean used on many



occasions for new soil and waste types as a precursorto
larger-scale testing or onsite demonsirations. It is rela-
tively inexpensive to operate, and it is instrumental in
determining the applicability of iSV to various waste
types.

Engingering-Scale Tests. One of the primary develop-
mental tools for ISV has been the engineering-scale
laboratory test, which isoperatedinthe PNL developmen-
tal laboratory. The engineering-scale system has many
flexible design features for testing new concepts. Be-
cause of its smaller scale, the engineering-scale system
cantest new concepts at a reduced cost while maintaining
a high levei of confidence in its predictive capabilities for
larger-scale operations. Many of the analyses of SV
process limits have been based on tests conducted with
Ihe engineering-scale unit (Buelt et al,, 1287).

Piloi-Scale Tests. The pilot-scale system is a portable
field system. The piiot-scale system is intermediate in
scale between the engineering-scale tests and the larger
scale tests and performs an impontant linking step in the
scaling-up of ISV. The pilot-scale ISV system has trav-
elled to ORNL twice, INEL twice, and AELC once for on-
sile tesling in contaminated areas.

Large-Scale Tests. Large-scale ISV tests are used to

verify that designs indicated at smaller-scale tests do
indeed work effectively with the large-scale system. De-
velopment of the large-scale ISV system has proceeded
in two steps: large-scale operational acceptance tesis
and large-scale verification tests. The operalional ac-
ceptance tests verilied conformance of processing char-
acteristics to the established functional design criteria
relevant to the large-scale tests on actual waste streams.
The verfication tests verified the effectiveness of process
medifications identified during the operational accep-
tance tests in readying the precess for actual testing.

8.2.3.2 Scaling-up of Retech’s Plasma Centrifuge
Reactor (PCR)

Retach went through a similar scale-up process in .
development of its PCR (Eschenbach, Hiill, and Sears,
1889;. Theirscale-up processwentthroughthree phases.

Phase | {1985-86) consisted of a series of tests conducted
wilh atransferred-arc plasma on materials (metals, glass,
rubber, plastics, filter elements, etc.) typical of matarials
which may get contaminated with radioactivity. These
tests demonstrated the feasibility of a transferred arc
plasma as a volume reduction process. As a result of
these tests, it was concluded that the addition of oxygen
or air as an oxidant in the plasma gas {argon in Phase |
tests) would be desirabie in order to convert hydrocar-
bons to CO, and water instead of soot. CO. and
nydrogen.

Phase |l (1286-88) saw the development of the first PCR.
This quarter-scale reactor had a 0.46m {1.5 ft.) reacter
well and a 150 kw transterred-arc plasma torch operating
on air or an oxygen-argon mix. Tes!s were conducted cn
dint spiked with water and erganics. These tests showed
that the product passed standard leach tests for the
non-volatile components retained in the glass. Diifficulty
with pouring the glass indicated that the melt was too
ViSCOUS.

Phase Il (1988-1989) focused on the operations of ..
larger PCR. This PCR had a 1.8 m (6 ft.) reactor well and
a600kwpiasmatorch. ltwastestedwith a soil spiked with
15% oil. Tests with this PCR showed that air provedto be
the most satisfactory plasma gas: argon proved to be
unstable and the Oy/argon mix corroded the electrodes.
Results indicated that DRE's of 89.99% to 89.999% were
obtained. These tests also confirmed that the changes in
the reactor well permitted pouring of the molten glass.
Waste feeder problems were also identified during these
tests.

Table 9-3. Testing Units For Developing ISV Technology

Glass
Electrede Block
Equipment Size Separation Size
Bench Scale C.11m 11010 kg
Engineering Scale 023100.36m 0.05101.0t
Pilot Scale 1.2m 10050t
Large scale 35t055m 40010 800t




By testing the PCR inincreasing-scale tests, Retech was
able to establish that their system could potentially treat
heavy metals and organic waste with favorabfe results.
Furthermore, problems enccuntered with smaller-scale
systems enabled Retech to refine their process design
before encountering thase problems in a farge-scale
PCH.

The PCRis now beingfurthertested and developed atthe
Component Development and Integration Facility (which
is underthe administrationof INEL) for testinginthe EPA
Superfund Innovative Technolegy Evaiuation {SITE) pro-
gram (Viall, Sears, and Eschenbach, 1980). A larger
PCR is located in Basel, Switzerland (Schiienger and
Eschenbach, 1891).

8.3 Cost

In additionto technical feasibility and questions of scaling
up, costs are alse an important componentin the evalu-
ation of the applicability of any remediation process. The
following sectionis intended to identity key cost variables
of vitnfication processes—such as site preparation, mo-
bilization/demobilization, energy costs, etc.—and to
summarize cost information developed to date. The
readeris cautioned that the costinformationis presented
for summary and evaluation purposes only, and should
not be used for teasibility study cost estimates nor for
comparative purposes. Furtherrmore, comparisons among
various cost studies may be misleading because of
variations in:

. cost variables included in cost estimates {such
as overhead or profit for commercial vendors,
atc.)

. values assumed in estimating cost variables
(variationin location and extent of contamination,
site clean-up objectives, etc.)

. type of vitrification process evaluated (in situ vs.
ex situ vs. ex situ process type)

. waste type (radioactive vs. hazardous waste)

Cost estimates also canvarywith time, and cost estimates
made for one technology in one year may not be com-
parabte with cost eslimates made for another technology
in another year. Furthermore, costs eslimates for the
same technology may have been developed in different
ways by different researchers. Forexample,inestimating
costs for the furnace melter vitrification of contaminated
soils, researchers may or may hot have inctuded the cost
of excavation of the soils in their estimate. Finally, as
vitrification is inils early development stages as a waste
treatment, cosis are not established on actual projects
and are often estimates.

In an attempt to clarify the major sources of costs, this
section will dliscuiss 1SV and furnace melters separataly.
Under each discussion, categories of cost and sstimated
costs will be described. In addition, the furnace meiter
discussion will include a description of sevaral mathods
considered at a DOE sit2 1o raduce overall treatmeant
costs. The intent of this section is that the reader gain an
understanding of cost categories which are significant
areas of concern in managing costs, and a general idea
of actual vitsitication costs.

9.3.1 ISV Costs

This section describes cos! categories for generic 1SV
application.

9.3.1.1 Cost Categories for ISV

The main costs for ISV vary depending upen electrical
costs for a panicuiar geographic region and soil moisture
content. The moisture within the soil must be driven from
the melt zone before vitrification can begin. 1SV costs can
be categorized into five subsections {Likala. 1981}

Site Activities
Equipment
Operations
Expendables
Electrical Power

o R wn =

Cost items that fall within these categories are identified
in Table 9-4. Categories are briefly summarized below,

In addition to the costs identified above, ancther area of
costistreatability testing. Treatability testing includesthe
performance of various physical and chemical tests on
actual contaminated materials from the site and
engineering-scale 1SV melt testing on the materals. The
cost of treatability testing is in the range of $40,000 to
$70,000 or more, depending on application. Unusual
analytical requirements, such as those posed by dioxin
analyses, may increase the costs {Timmons, FitzPatrick,
and Liikala, 1990).

The cost of equipment mobilization and derobilization
depends on transport distance to and from the site. The
combinedtotalof these costs may be estimatedat $50 000
plus $50 per transport mile. Typical total mobilization/
demobilization costs fall in the range of greater than
$100,000 toas much as $200,000 {Timmons, FitzPatrick,
and Liikala, 1990).

Finally, the reader should be aware there is profitinvolved
when buying commercial services.



Table 9-4. Major Components of ISV Costs (adapted from SBuelt et al., 1987)

SITE ACTIVITIES

Transperting equipment to and from site
Clzaring vegstation

Rough grading

Removing overburden

Acquiring and applying backfill material

EQUIPMENT

Power

Pecrtable generator

Power lines

Subslation

Power cables
Mechanical

Electrode frame and hood

Drilling machinery

Crane

Front-and loader
Off-gas and monitoring

Off-gas treatment system

Radiation and off-gas monitors/alarms

OPERATIONS

Process preparations i
Drill holes and place elecirodes i
Spread graphite starter material
Positian frame and hood, secure electrodes
Connect power cables and off-gas line
Vitrify
Disconnect power cables and off-gas line
Hood fixation
Remave frame and hocd
Backfill vitrified area
Move power cables for next setling

Process operations
Off-gas treatment system
Power system
Radiation or toxic chemical manitoring
Melt verification
Off-gas seccndary waste disposal

EXPENDABLES

Electrodes
Secondary Wastes

ELECTRICAL POWER

—

Site Activities. Activities included in site preparation
include soil staging {if necessary), electrode placement,
set-up of ISV process trailers, electrical connections, and
subsidence backfiling. Site activities include transport-
ing equipment to and from the site, clearing vegetation,
grading the ground, removing overburden, and acquiring
and applying backfill material as needed. f
uncontaminated overburden could be removed safely, it
would always be advantageous to do so from a cost
standpoint. For example, removal of the top meter of
clean soil from a 2700-m? site would cost less than
$10,000, compared to the hundreds of thousands of
dollars needed for labor and power charges te vitrify the
same area to a 1-mdepth. Inshort, site activity costs will
be insignificant when compared to equipment, labor, and
electrical power, for the majority of potential ISV applica-
tions {Bueit et al., 1987).

Equipment. The SV process trailers are the major
equipment required on-site. The only additional equip-
ment required are digsel generators—if high-voltage line
poweris not available, a crane, and a front end loader or
dozer.

Electrical equipment requirements are determined by the
voltage and current demands of ISV: the high voltage at
the beginning of processing requires sufficient insulation
while the high current at the end of processing requires
sufficient conduction capacity. For example, the high
level of current (4000 A) requires that six 750-mem power
cables be usedforeach of the tour electrodes (Bueltetal,,
1987).

Two pieces of heavy equipment are necessary for ISV
operations: a crane for transporting the electrode frame
and hood from one setting to the next and a front-end
loader for backfitting and site preparation. Purchase of
this equipment may be more cost effective than rental
because of the higher cost of renting these types of
equipment (typically several hundred dollars per day) for
the durationof projects that lastfrom 9 monthsto 10years
{Buelt et al., 1987). If the EFS is not used at a particuiar
site, then a drilling er auguring machine for placing the
electrocdes in the ground may also have to be purchased.

Cperalions. The time reguired for each setting of the
electrode frame and hood is the sum of the time reguired
to vitrify the soil to the predetermined depth pius the ti
required to move the off-gas equipment to the ne



setting. The ISV processing rates are generally 4to 5
tons/hour. Typically, less than 24 hours are required to
restage the hood and the ISV trailers between subse-
quentmeits. Calculatedtime per settingforthelarge-scale
systems as a functicn of moisture content is shown in
Tabla 9-3. The effects of maisture content on vitrification
rate and operating time are evident from these vitrification
times (Buelt et al., 1887).

Total project time is equal to the time per setting multiplied
by the number of setlings. The number of settings

Table 9-5. Time Requlrements for Each ISV Setting
{Buelt et al., 1987)

E
l.arge Scale, Large Scale, E
5-m Depth, 5-m Depthn, ‘
5% Moisture, 25% Mocisture,
h/setting h/selling
Vitrification 90 117
Moving Eguipment 18 16
Total 1086 133

Table 8-6. ISV Electrode Spacing and Vitrification
Settings (Buelt et al., 1987}

Large Scale,
Parameter 5-m Depth
Electrode spacing 4.5m

Separation between electrodes

of adjacent set 3.0m
Width vitrified per set 7.8m
Area to be vilrified 90m x 30m
Set matrix {rows x colulmns) 4x12
Mumber of settings 48

cdepends on the dimensions of the site to be vitrified and
the arega vitrified per setting. This iatter characteristicisa
function of electrode spacing and acceptable allowances
for overlap between vitrified blocks. For example. given
the parameters estimated in Table 2-8, a contaminated
area 80m x 30m i3 estimated (o require 48 saparale ISV
settings.

Personnel and their estimated hours for large-scale pro-
cess preparation are identilied in Table 8-7. These
personnel are required at scheduled intervals: once per
setting of the off-gas containment hocd.

Personnel and their estimated hours for large-scale pro-
cess operations are ideniitied in Table 8-8. Atypical I8V
melt requires twe operators ger shift: a shift enginesr and
aniSVtechniciandedicated o operating ihe systemwhile
power is supplied to the electrodes, An enginger is
included on day shift as an cperator {see Table 9-8} and
to previde technical resolution of any operational prob-
lems. Maintenance and radiation monitoring personnel
(required during the vitrification of radioactive wastes) are
included in the operalions on an estimated part-time
basis.

Expendables. Electrodes have been considered cne of
the major expenses of ISV because the cost of the
molybdenum used in the electrodes is around $20 per

Tabie 9-7. Manpower Requirements for ISV
Process Preparation (Buelt et al., 1987)

Job Manpower Rate,
Classification Average Man-Hours/Setting .
Electrician 4
Laborer 34
QOperator 19

Table 9-8. Labor Estimate for ISV Processing Operations at a Radioactive Site (Buelt et al., 1987)

Workers Per Shift Total
Job Classification Day Swing Graveyard Man-Hours/Day
Engineer 1 0 8
Maintenance 0.5 0 4
Cperator {Technician) 1 2 40
Radiation monitortd) 0.25 0.25 0.25 8 ‘
Total 58 o
|
(a) Radiation monitoring personnel would not be required for a hazardous waste site. i




pound. After asingle melt, the electrodes are not reusable
due to the large crystalline growth of the molybdenum
(Liikala, 1991). However, the development of the EFS
permits the use of all-graphite elecirodes instead of the
molybdenumv/graphite electrodes previously used. Thus,
slectrode costs will be substantially reducedif the EFS is
used.

In addition to electrode costs, a cost must be included for
disposing of the secondary liquid wastes that are col-
lected in the off-gas system. Approximately 200 L (530
gal) per large-scale setting must be disposed of at a cost
of $0.26/L. ($1.00/gal). Forthe site configuration given in
Table 9-@ this results in additional charges of $25.000
(51.85/m3) (Buelt et al., 1387).

Electrical Power. Electrical power reguirements are a
sicnificant portion of the operating costs. £nergy costsior
high voltage line power varies greatly with location, rang-
ing from as low as 2.5 cents per kwhronthe west coast to
8 cents per kwhrin the Midwest and east coast. A diesel
generator may conceivably be usedin lecations inacces-
sible to power lines or where electrical power is prohibi-
live. Cost for use of diesel generators is equivalent to
about 8.25 to 13 cents per kwhr,

The power requirements and estimated costs for the 1SV
vitrification of low {5%) and high (25%) moisture content
materials are given in Table §-9 for a specific hypothetical

application. Also shown is the annual vitrification rate
which is based on an 80% operating capacity of the 1SV
model prediction (Buelt et af., 1887).

8.3.1.2 Estimated Cost for ISV

As indicatedin Table 8-10, the on-site service cost of ISV
processing may range from $96 to $39C per ton of
material processed for the references cited. These esti-
mates should not be considerad as firm estimates ap-
propriate for all sites and all applications. Rather, they
serve as rough 1SV cost estimates. Site characteristics
and clean-up goals will play important roles in modifying
these estimates. Furthermcre, the parameters consid-
ered have not always been identified, or they may differ
from study to study. For example, Buelt et al. {1887)
included elements of direct and indiract cost. such as
labor, materials, energy, eguipment amertization, and
contracior overhead and profit, but ignored treatability
cosis. Carpenter and Wilson (1988} calculated their
astimates from the following formula:

Cost, $ton = ($13 dredging) + ($8-80 transportation)
+ ($96-210 treatment) + ($46 redeposition)
= $163-349

Thus, great care should be used when examining these
cost estimates.

Table 9-9. Power Requirements for ISV Raie as a Function of
Moisture Content (Buelt et al., 1987)

Energy Annual
Requirement Vitrification Cost/Setting
Moisture Content kWh/setting Rate, m3/yr (@ $0.05/kWh)
|
! 5% 302,000 15,300 $15,100
| 25% 392,000 12,200 $19,600
Table 9-10. Sample ISV Cost Estimates ($/ton)
Year Cost range ($/ton) Reference
1685 $117-1658 (Buelt et al., 1987)
1986 $ 96-2102 (USEPA,1986) ‘
1688 $163-3494 (Carpenter and Wilson, 1988)
1989 $166-1752 (Koegler et al., 1589)
: 1950 $103-3828 (USEPA, 1950c)
|
1991 $360-390 (Landau Associates, 1881)
ACalcutated from reported figures assuming 1.2 tons/ydB.




Table 3-11. 18V Equipment Costs (Koegier st al., 1989)

Estimated Costs Percentage i

Equipment (31000) of Totai Cost
Engineering and Design 500 3
Equipment Mobiiizalicn (6 systems) 540 3
Transformers (6 required) 1,500 9 |
Off-Gas Hood and Line (6 required) 3,600 21 i

Off-Gas System (3 required) $,000 51

Backup Blower System (3 required) 600 3

Power Lines (6 systems) 120 <1

i Electrode Power Cables (6 systems) 240 1
, Porabie Generators (3 systems) 300 2 1 |
Equipment Demobilization {6 systems) 780 4 i

Electrode Placement Machinery (1 system) 120 <1
Crane (1) 130 <1 i
Front End Loader {1) 80 <1 !:
Total Equipment Costs 17,500 ‘!

Weldon Spring Site. If cost estimates are examined on a

percentage basis, those factors contributing most greatly
to costs can be identified. Costs were carefully broken

own in gvaluating the treatability of 1SV to the Weldon
Spring site in Missouri (Koegler, Oma, and Perez, 1988,
Koegler et al., 1989). Examination of this data permits a
more detailed discussion of the relative importance of ISV
cost categories.

The Welden Spring site comprises a 3-acre former ime-
stone quarry, a 52-acre disposal area for raffinate waste
(the less soluble residue remaining after chemical extrac-
tion), and a 169-acre mothoailed uranium-feed materials
plant. The guarry, about 4 miles south of the main site,
containg an estimated 95,000 cubic yards of rubble and
soil contaminated with trinitrotoiuene (TNT), dinitrotoluene
(DNT), uranium, thorium, and their decay products. The
waste material is piled 40 feet above the floor of the
quarry, and most of the waste is covered by several feet
of soil. Vegetation covers the quarry surface and the
lowest area is covered by water. Where a cross section
is visible, a large amount of metal {(e.g., crushed drums,
sheet metal, structural building iron, and process equip-
ment) protrudes from the soil. Large pieces of equipment
such as tanks, a fork-lift truck, and up to 3000 drums are
also buried, although ground-penetrating radar or simitar
techniques have not been used to locate these large
items. The water table is atout 15 feet above the floor of
the quarry, and the sianding water level is about 6 feet
ibove the watertable (Koegler, Omar, and Perez, 1588).

Table 9-11 gives an itemized capital cost breakdown of
the site equipment estimated to be required for the ISV cf
the Weldon Springs site. The equipment listed includes
six electrical transformers and six off-gas hoods, with
three off-gas treatment systems and three backup blower
systems. Eachoff-gas systemandbackup blower system
would treat the off-gas from two ISV operations, thus
reducing capital costs. The equipment costs include the
costs for engineering and designing the equipment and
mobilizing and demokilizingit atthe site. Equipmentcosts
for waste excavation and transport are not includedin this
itemized list, however. In addition, the equipment costs
for filtration of the Weldon Spring siudge have not been
estimated.

Site operating costs are listed in Table $-12. Energy
consumption is clearly the single largestitem contributing
to treatment costs. If equipment costs (from Tabie §-11)
are added lo treatment costs, energy consumption still
accountsfor 43% of total costs. The costs forthe 3 off-gas
systems, on the other hand, drops to only 9% of otal
costs, Clearly, any effects to reduce treatment costs at
Welden Spring should be targeted primarily at reducing
energy consumption.

Actualmethods consideredto reduce ISV costs at Welden
Springs is included the following:

1. Use three off-gas systems instead of six. This
would net a $§ M savings.



2. Dewater the raffinate sludge from 24 wi% solids
to 35 wt% solids prior to ISV, By reducing the
energy required to vaporize the excess water, as
much as $10 M may be saved.

3. Combine contaminated materials prior t¢ treat-
ment. Because the sludge reguired the addition
of soil or clay prior to vitrification, contaminated
soil and contaminated clay-liner could be substi-
tuted for clean material netting a calculated net
savings of $8.8M.

9.3.2 Estimation of Melter Vitrification Costs
The JHCM was also evaluated as a possible remediation
process for the Weldon Spring site. In this seclion cost
estimates from this evaiuation will be presented. Cost
estimates are broken down by capital equipment costs,
capital costs, and operating costs. These are descnbed
sequentially.

Capital Equipment Costs. The equipment fist in Tabie
9-13 is complete for preparing and vitrifying the wastes.
Included in the list are equipment needed for size reduc-
tion and blending, vitrification, glass product handling,
and off-gas treatment. Notincluded are equipment asso-
ciated with excavation of raffinate pit materials. The
JHCM represents over 82% of equipment costs by itself.

Capital Costs. Capital costs include capital equipment
costs as well as costs in support of capital equipment, etc.
These areitemizedin Table 8-14. The costs agsume that
the facility can be built using standard practices for
chemical plant structures with additional requirements for
ventilation, filtraticn, and monitoring equipment giventhat
the site contains low-level radioactive wastes. Table 3-14
shows that the melter is the most expensive single capital

Table 9-12. ISV Site Operating Costs
(Koegler et ai., 1989)

Cost Breakdown Cost, $1000
(% operational cost)

Labor Costs

Vitrification Crew $ 7,380 (10%)

Heavy Equipment 1,480 (2%)
Total Labor 8,860

Consumabie Costs

Electrodes 21,800 (28%)

Energy 46,100 (60%)

Secondary Waste 439 (0.5%)
Tota! Consumables 68,500

Total Operating Costs $77,400

expenditure, but that purchased-equipment installation
and building and facilities also contribute greater than
10% of capital costs.

Qperaling Costs. Cosis associated with the operation or
the vitrification facility include the cost of bulk chemicais
added to the feed to improve preduct quality (borax and
soda ash), utilities, and iabor. The labor costs include
operating perscnnel for three shifts per day, a plant
manager, maintenance personnel, clerical staff, and
overheads. It was assumed for this evaluation that the
vitrification facility would operate seven days per week,
365 days per year, with an on-line efficiency of 80%.
Costs associated with the start-up of the facility were not
included but assumed to be insignificant. Electrical cosls
included as part of the utilities costs are based on an
glectricity rate of $.06/kWh. Treatment would be com-
pletad in about four years at a total operating cost of
$E0M.

Given these operating parameters the total operating
costs break down as follows:

Labor cost $4.2 M (7% of 1otal costs)
Cost of chemical additives $21.7 M {36%)
Utilities cost $34.4 M (57%)

Summary. If equipment costs, costs in support of cap”
equipment and operating costs are combined. The t
remediation cost becomes almost $77M. This breaks
down as presented in Table 8-15.

From these comparisons, it can be seen that utilities still
are the primary remediation cost, followed by the cost of
the chemical additives. Melter costs, the single item
dominating capital costs, is only 5.8% ($4.5M) of the total
remediation costs.

Costs Reduction. Inthe process of cost analysis, certain
decisions were made to reduce the cost of remediation.
Several answers were pursued in these reductions. Ex-
amination of these will give some idea of similar reduc-
tions that can be made at other sites. Specifically the
costs estimated included the following actions:

1. Selection of a fluxing agent based on a compromise
betweendesired processing characteristics and costs.
LioQ or BoO3 were mixed with NazC and these mix-
tures were compared as potential fluxing agents. It
was estimated that use of the LioO mixture would
reduce the total quantity of glass produced and the
total processingtime forthe site. However, LizOproved
to be a more expensive additive (by a 350% increase
in additives cost) than B203 and these costs ov
weighed the other savings. Therefore, the be
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Table 9-13. Equipment Required for JHCM Processing (Koegler et al., 1982)

Equipment Quantity Total Cost, $1000
y
Buik Materials Handling H
Raffinate Siudge Transier Pump 2 30 ‘
Crush, Delump Unit 1 50 .
Clay Liner/Vicinity Soil Transfer System 1 25 ¥
Chemical Additive Unloading Station 1 80 !
Chemical Additive Transfer System 3 75
Mechanical Mixer 1 50
Melter Feed Transfer System 1 25
Melter feed Sterage Sile 1 20
Melitar Feed Transfer System 1 25
Dust Abatement System 1 150
| Melter Feed System
5 Melter Feed Storage Hopper 1 25 !
Rotary Vaive 1 25
Joule-Heated Ceramic Melter
Melter 1 4500°
Otf-Gas Treatment System
Quench Scrubber 1 50
Scrub Solution Recycle System 1 35
Roughing Filter 1 25
Heat Exchanger 1 25
HEPA Filter 1 15
Concentrator 1 50
Biower 1 180
Glass Handling System ;
Glass Quencher 1 50 t
Heat Exchanger 1 25 {
Fritted Glass Transfer System 1 25
Total Equipment Cost: $5,500
*Valua is total cost of JHCM system including transformers

fluxing agent provedto be amixture of NasO and B203
in a ratio of 7:1.

Blending of waste streams. The waste material to be
treated at Weldon Springs consisted of three matri-
ces:sludge, soil, and linerfromthe siudge pits. Alone,
each matrix had chemical composition defects which
would require the addition of additives to create a
durable glass. However, if mixed prior o vitrification,
the blending would remediate some of the deficien-
cies of each matrix. Additives required and cosls
would therefore be reduced.

Dewatering the sludge. As described in Chapter
Seven, dewatering would increase the efficiency of
the meiter and could prove cost effective by reducing
lotal treatment time.

9-11

4. Useof ahigh-temperature melter. Waste matrices at

the Weldon Springs site require a temperature of
14500 C 10 melt. By permitting a higher operating
temperature, a high-temperature melter reduces the
need for fluxes. This reduces additive costs and may
make theincreased cost of a high-temperature melter
pay for itself.

Fritling the waste glass instead of pouring it into
canisters. This option reduces the complexity of
waste material handling after vitrification and thus
reduces costs. This option is dependent on the
quality of the fritted glass product.



Table 9-14. Capital Cost Summary for JHCM
(Koegler et al., 1989)

%

Costs Total

Capital Equipment Costs (31000} Cost
Bulk Materials Hanrdling Equipment 500 3%

|| Melter Feed System 50 <1%
Joula-Heated Ceramic Meiter 4500 28%
Off-Gas Treatment System 350 2%
Glass Handling System 100 <1%
Total Equipment Costs $5,500 34%
Purchased-Equipment [nstallation 1,800 11%
Instrumentation & Cantrol 850 %

|| Process Piping 650 4%
| Electrical 1,100 7%
HAuxiliarles 1,100 7%
|| Buiiding & Facilities 2,200 14%
Site Preparation 55¢ 3%
Contingency 1,100 7%
Feas and Engineering Contingency 1,400 9%
Total Costs in Support of Equipment $10,750 66%
Total Capital Cosis $16,250 100%

Table 9-15. Comparison of Capital Costs and
Operating Costs for a JHCM (Koegler et al., 1989)

Capital Costs
Equipment costs
Costs in support of capital equipment

$16.3M (21%)
$5.5M (7%)
$10.8M (14%)
$60.3M (79%)
$4.2M (5%)
$21.7M (28%)

Operating Costs
Labor costs
Chemical additives cost

9.3.3 Additional Cost Factors

Two additional factors play animporntantroleinremedt -
costs: throughput rate and energy costs.

Throughput rate is the amount of material that can be
processed per unit time. High throughput rates generally
decrease costsbecause of economy of scale. Because of
the reduction in voiume during vitrification, throughput is
often expressed bothinterms of feed materialtreated per
unit time and glass produced per unit time. Selected
throughputs are presented in Table 8-16. The values
presented represent process results under a variety of
conditions and do not necessariiy represent maximum
throughput or expected throughput, For example, when
using a glass melter to vitrify, process rate can be ad-
justed by varying the size of the melter. Forsoiutions and
concentrated slurries, the processrate is between 36 and
85 galions/hour/square fool. For contaminated seils and
other inorganic feeds, the process rate ranges from 400-
600 pounds/day/square foot. Obviously, for increased
process raies the melter must be increased in size. In
addition to melter size, processing rate will be atfected by
water content, inherent energy content, particle size, etc.

Energy demands for vitrifying a waste (kwh/ ton of waste
or soil) wili also vary with a variety of factors, but will
depend primarily upon water content and exothermic
energy present in the feed.

Utilities cost $34.4M (45%)
Total Cost $76.6M
Table 9-16. Throughput Rates for Selected Vitrification Processes
Melter Type Feed Type Feed Input Rate Glass Production Rate
LFCM - West Valley HLLW 150 L/h 45 kg/h
AVM - France calcined HLW 60 L/h 25 kg/h
Glass Melter - Penberthy toluene, oil 125-1000 Ib/h* 500-4000 lpo/m*

Glass Melter - Penberthy
Glass Melter - Penberthy
coal-fired melter - Vortec
glass melter - Vitrifix
rotary kitn - MSP

ISV soil

spent resins
wood, cloth, paper
giass-making

these types of contaminants.

asbestos-contaminanted soil
incinerater ash, sail

250-1000 Ib/h*
400-4000 [b/h*
20 tons/day
5 tens/day
100 tons/day

500-4000 l/h*
500-4000 Ib/h*
NA
NA
NA
3.5t0 4 tph

*(Giass production is greater than feed Input due to the need o add substantial glass forming materials to
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Appendix A: Summary of Selected Vitrification Tests to Date

Year of Waste Vitrification
Study Site/Contractor Feed Contaminant Process (Vendor) | Scale Reference
I. Joule-Heated Ceramic Melter
1975- PNL liquid sludge HLLW LFCM series of tests Chapman and McFElroy, 1989
present
1977- Institute for Nukleare liguid sludge HLLW LFCM series of tests Chapman and McElroy, 1989
present Entosogungstechnick,

Karlsruhe, West Germany
1978- SRS liquid sludge HLLW LFCM series of tests Chapman and McElroy, 1989
present
1978- Power Reactor and Nuclear liquid sludge HLLW LFCM series of tests Chapman and McElroy, 1989
present Fuel Development Corp.,

Tokai-Mura, Japan

ishikawajima-Harima Heavy liquid sludge HLLW LFCM senes of tests Chapman and McElroy, 1989

industries Co., Yokohama,

Japan
1980s Lohr am Main asbestos waste asbesios glass melter (Sorg} | small-to Barkey, 1989

pilot-scale
1981- Eurochemic, Mol, Belgium liquid sludge HLLW 1 FCM series of tests Chapman and McFElroy, 1989
present
1984- WVDP liquid studge HLLW LFCM serius of tests Chapman and Mcllroy, 1989
present
1986 Superund Wastes NA organics and electric pyrolyzer pifot NA
inorganics {Waestinghouse)
1986-88 | Russia Calcined HLW HLW calcination followed | opetrational Baehr, 1989
by JHCM

1987 Dalzell Glazsworks, W.V./ asbestos- asbeslos glass melter full Roberts, 1989

demonstration for EPA contaminated wastes {Vitrifix}
1987 USATHMA ash from the incineration | organics and crucible melts bench USATHMA, 1987

of paint sludge wastes

inorganics




Appendix A (continued)

Year of Waste Vitrification
Study Site/Contractor Feed Contaminant Process (Vendor) [ Scale Reference
1988 Faslane Site, England soil asheslos glass melter operational Denner, Langridge, and Affleck, 1988
(Vitritix)
1989 Gulfport, Ms./ 50il TCDD and other Advanced Electric | pilot, NA
U.S. Air Force arganics Melter since shelved
{J.M. Huber Co.}
1989 USA/international asbestos waste asbeslos glass melter (Sorg) 1 pilot Berkey, 1989
consorium
1989 Weldon Springs, Mo./DOE sludge, solil, TNT, DNT, U, Th, JHCM bench Koegler et al., 1989
quarry refuse decay producis
1989 vendor drums RCRA organics glass melter full vendor
and inorganics (Penberthy)
1990 Japan fly ash volatile metals joute-heated melter | pilot NA
1990 Queensborough, England contaminated soil heavy metals & glass melter, NA Clery, 1990
asbesios Dunston Ceramics
1991 Fernald, Ch./ DOE K-B65 silo residue radium, uranium, tesl crucible bench Janke, Chapman, and Vogel, 1991
uranium daughter
products, heavy
metals {lead)
1991 Whatcom County, Wa./ MSW incinerator inorganics and joule-heated bench Chapman, 1991
Recomp of Washington ash organics
1991 SRS/DOE slurry HLLW stir-melter full Richards and Lacksomen, 1991
{Giasstech) {glove-box)
1991 vendor fiberglass scrap fiberglass stir-melter full Richards and Lacksomen, 1991
{Glasstech) (glove-box)
1991 vendor municipal waste inorganics stir-mefter full Richards and Lacksomen, 1991
combustor, fly ash {glove box)
present | Himel, Switzerland fly ash from hazardous | heavy metals (W&E electric melter operational Gilges, 1991
and Kiel, Germany wasle incineration Umwelitechnik)




Appendix A (coniinued)

Year of Waste Vitrification
Study Site/Contractor Feed Contaminant Process (Vendor) | Scale Relerence
Il. In Situ Vitrification
1985 EPRI, Wa. soil PCBs ISV bench Timmerman, 1986
1987 ORNL, Ta/DOE seepage pils and liquid radioactive sV pilot Spalding and Jacobs, 1989
trenches waste
1987 PNL, Wa/DOE waste crib mixed 1SV large Buelt and Weslsik, 1988
1688 New Bediord Harbor sediment PCBs ISV bench Reimus, 1988
Superfund site, N.Y /EPA
1988-8% | AEDC, Tn./ sail organics {petroleum ISV feasibitity Timmerman, 1989
DOE products), metals and pilct Timmerman and Peterson, 1990
1989 PNL, Wa./DOE sail from INEL spiked with steel to ISV enginaering Farnsworth et al, 1990
test shorting of EFS
1989 PNL, Wa./BOE UsT radioactive and metal Isv engineering Campbell et al, 1990
confaminants
1989 SRS, 5.C./DOE soil primarily radicactive ISV bench Campbell and Buelt, 1990
and metal
1989 Weldon Springs, Mo.s sludge, soil, TNT, DNT, U, Th, 15V bench Koegler et al,, 1989
DOE quarry refuse decay products
1990 Denver Radium Site, Co./ soil mixed ISV bench NA
EPA
1990 INEL, Idaho/DOE buried waste organics, metals, ISV pilot Cailow et al, 1991
simulated radioactive
wastes
1990 NA sludge and soil mercury, arsenic, 15V engineering Timmons et al., 1990
aldrin, and dieldrin
1990 Nonhwest Transformer soil PCBs 15y enginaering Geosafe, 1991
Superiund site, Wa.
1991 ORNL, Tn./DOE waste pits and trenches | radioactive and 1SV pilot Spalding et al., 1991

inorganic
contaminants




Appendix A {continued)

Year of Waste Vitritication
Study Site/Contractor Feed Conlaminant Process (Vendor) | Scale Reference
Ill. Plasma Heating
1985-89 | vendor-tests/ soil 15% oil spiked Plasma Centrituge bench to pilot Eschenbach, Hill, and Sears, 1989
fest run for EPA Reactor {Relech)
NA Martiques, France/ hospital wasles bioclogical plasma heating NA vendor
vendor {Aerospatiale)
1988-89 | Glouster, Ontario, Canada/ MSW organics & inorganics | plasma arc torch feasibility Carteret al., 1990
Ontario Ministries of Energy Resorption Canada,
and Environment, other Limited
CG-SPONSOrs
1990 Basel, Switzerand/ drummed waste organics and Plasma Cenirifugal | operational Schiienger and Eschenbach, 1991
MGC, Plasma, Lid. inorganics Reactor (Retech)
1990 Butte, Mont./ soit diesel fuel oit Plasma Centrifugal | pilot Viall, Sears, and Eschenbach, 1990
DOE/EPA Reactor {Retech)
1991 Georgia Tech Construction asbestos plasma heating bench Associated Press, 1991
Research Center, Ga./DOD
present Hamburg,-Staffenteld, fly ash from hazardous inorganics plasma heating pilot plant Gilges, 1991

Germany

waste incineration

(Krupp Mak GmbH)

{1.3 mt/hour)

IV. Microwave Heating

1988

1990

Japan/Power Reactor
and Nuclear Fuel
Development Corporation

Rocky Flats, Colorado, DOE

incinerator ash and
liquid sludge

sludge

radioactive wastes

TRU

microwave
(Kobe Steel, Ltd.)

microwave

full

bench & pilot

Komatsu et al, 1990

Petersen, 1990



Appendix ~ (continued)

Year of Waste Vitrificalion
Study Site/Contractor Feed Contaminant Process {(Vendor) | Scale Reference
V. Miscellaneous Electric Heating
1978- Marcoule, France/ calcined HLW HLW calcinatation producticn Baehr, 1989
preseni CEA followed by
induction melting
1931 Sellatield, England Calcined HLW HLW calcination followed | operalional Nuclear Engineering International,
induction melting 1990
1992 Albany, Oregon/ BOM MSW ash, fly ash, inorganics & organics | electric arc shakedown NA
ash from sludge
incineration
VI. Thermal Process Heating
1987- Louisiana/vendor incinerator ash and inorganics and some rotary kiln operational at Harlow et al., 1989
present baghouse dust organics (Marine Shale present
Processors)
1988 Gas Research Institute fly ash cadmium and lead thermal process bench GRI, 1989
heating
1988 Chivoda R&D Center, Japan simulated waste combustibles, rotary-kiln pitot -plant Wakui et al., 1988
Chyoda Chemical flame retardants,
Engineering non-combustible
and Construction Co., Ltd.
1988- Brisbane, Australia modilied MSW organics & inorganics | modified rotary 30 wnnes/day NA
present kiln process/ pilot-plant
Nentralysis
Industries
19%0 vendoi/demonstration electroplating wastes iead and other kiln {IR1) full The Hazardous Waste Consultant,
for EPA inorganics 1990a
1990 vendor hazardous waste dust lead and other Cyclone Melting full Hnat et al., 1990b
inorganics System (Vortec)
1990 Belgium contaminated soil NA furnace, Dunsion 50 tonnes/day Clery, 1990
Ceramics
March Monaca, PA/ smelter blast metals & inorganics flame reactor, demonstration USEPA, 199t
1991 SITE furnace soda slag Horsehead, inc.
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